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Using a uniform theoretical approach of softly broken supergravity, and 
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and achiwable detection limits on supersymmetric particle masses are presented 

x Presently at Fermi Xational Laboratory- Batavia 60510 (Illinois) USA 

=* Sow at EP Division at CERY ,Geneva (Switzerland) 

1 



1. Introduction 

If superstring theories are the key to a unique solution of the puzzle of high 

energy physics. a way to search for experimental evidence of these theories is to 

discover supersymmetric (SVSY) particles such as gluinos and squarks. ‘This is due 

to the fact that. at least at the present stage of understanding of superstrings, most 

of the phenomenological discussions assume supergravity at low mass scale (i.e. the 

scale provided by present and foreseen accelerators), in particular. to help solving 

the hierarchy problems such as the scales of the Fermi constant and the cosmological 

constant. Because of the importance of this issue, we have made a detailed study of 

how pp or pp colliders nil1 be able to search for gluinos and squarks. in a mass range 

from a few tens of GeV up to the TeV region. 

The main features of the uniform approach used to do this study are discussed 

in detail in Section 2. It first concerns the main hypotheses of the softly broken S 

= I supergravity’ used here as theoretical framework: secondly, it describes how 

the Monte Carlo Isajet:‘: generate the SUSY signals and their corresponding main 

backgrounds. An evaluation of the cross sections and rates which may be expected 

both for the signals and the backgrounds, in each case. is given at the end of this 

section. 

The ways to search for g and 6 ait,hin this framework with the L’.Al detector 

at the CERX pp collider are presented in Section 3. It is the only case up to now 

to provide real data to be compared with theoretical expectations. At the end of 

this section a,re presented the improvements which can be expected with an upgraded 

version of the pp collider at CERN (with the Antiproton Collector: ACOL) and of 
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the LA’s detectors. 

In Section 4. we present the case of the CDF detector at the FS.AL Tevatron. 

This experiment has just started to run in 1987, and a first estimate of its possible 

performances with an integrated luminosity per year of 103’ cm-* (low IuminositJ 

case) and 1039cm-Z (upgraded case) is presented. Finally in Section 5. we briefl! 

review the main possibilities and limitations offered by super pp colliders such as the 

LHC and SSC options:3T and see how they overlap with the expected results of the 

Tevatron. .A complete and detailed summary of the discovery limits on rnk and m;, 

that each detector and each machine could provide are given as conclusion. 

2. Supersymmetric Scenarios and Generation Mechanisms 

The main features of the “uniform approxh” used for this study are described 

in details in this section. It includes first the various scenarios that may be derived 

from the theoretical framework considered here and secondlg the mechanisms to gen- 

erate them. 

2.1 Theoretical Framework 

The main way to produce supersymmetric particles at hadron-hadron colliders 

is through the following reactions: 

PP + &! 

-- 
PP - gq 

PP - ti9 

(1) 

(2) 

(3) 

Three new types of particles are therefore expected: the gluino. squarks. and photino. 
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In the supergravity modelsi’!. the masses of the gluino (9) and squarks (q) are 

constrained by the relations:‘~‘!. 

mi, = \im2 - 6.7~~ 

and 

mk = (1 + 1.9)p 

which take into account renormalization effects represented by the factors 6.7 pL? and 

1.9 p (the precise value of these coefficients is slightly model-dependent). The param- 

eters m and p are the q and g masses at the Planck scale, respectively. Therefore? in 

supergravity, mil is smaller than m, for m//l 5 0.8: implying mG/rng > 0.9. In other 

words. if the gluino is heavier than the squark. it may be just a little bit heax-ier: and 

so gluino and squarks will in this case be degenerate in mass. 

‘The photino is assumed to be the lightest sparticle (LSP), to have m+ = 0 

Gei.. and to be stable. Therefore. it will act as a v-like particle and be responsible 

for producing, most of the time. a fair amount of missing energy in the detector. 

These properties of the photino are among the important assumptions of our study. 

However. we are WA aware that one may take a more general point of Cerv and 

consider the neutralino as the LSP.i’I B J neutralino 2” we mean a linear combination 

of gauginos and higgsinos: 

-0 x = c25-diipi 

and depending on its mass and on the various gauginos and higgsinos it is composed 

of, it may dell be mainly :I-like. h-like. f-like. or a more general mixture of all three. 
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It may subsequently decay into: 

xi + E’E- gc”: 2; --t 99%; 

or 2; + t’ 
C-1 _- _D -- 
u Xi:Xk + qqXC 

where g; is the lighter neutralino: liktxise. XF is the lighter chargino. The charginos 

a,re linear combination of winas. charged higgsinos. and wiggsinos; they may also 

decay leptonically or hadronically according to: 

xi ~+ 
~’ C-1 -D ” kk or UT * qq x; 

Obviously the case of a neutralino being the LSP creates a much more complicated 

scenario than that of the 5 as the LSP. F or instance. if the gluino is heavier than the 

6, ?J will decay according 4 ---t q’ + 2; or G + q’ - <OF. where 2: and c; will then 

decay according to t.he decay modes described aboye until the lightest neutralino is 

reached. If. on the contrary. rni < m4. the decay ?j, - qg with g + qqgg will be 

the dominant one. 

;\s a consequence, the reactions (l), (2). and (3) will provide more complicated 

additional signatures. involving purely hadronic products and/or lepton(s) and/or 7’s. 

Moreover. the total missing energy produced in such events. n-ill be in general “di- 

luted” compared to the case where the ? is the LSP. Studies implying such neutralinos 

r-1 
have been done in the case of e-e-L61 and ep:‘! colliders. at least at the phenomeno- 

logical lexl. Cp to now. this is not the case for pp collisions. which is slightly more 

difficult since one has to deal u?th 4 a.nd g instead of sleptons. Considering all the 

\-arious possibilities for sparticles to decay- into X0’s xould. in the case of pp collisions. 

imply not only a large effort on the phenomenalogical side. but also a very detailed 



stud! of the ways to detect the corresponding signals. This is not done here: however, 

we mention later on xhat happens if the $ as LSP only represents some percent of 

the total branching ratio of the sparticles decay (say 14% in BR. i.e. a fxtor 2% 

only of the corresponding cross sections for the processes (I): (2). and (3) instead of 

100%). 

Three kinds of situtions are considered here. The first one correspond to the 

hypothesis m, 1 mq. As a consequence. the gluino decays into an antiquark plus 

a scalar quark. and the scalar quark decays into a quark and a photino: thus the 

processes pp or pp going to ii: qq. or ,@j have almost thr same signatures. This first 

alternative is particularly favorable for the lowenergy case (i.e. for masses less than 

or equal to 100 GeV); as we will see later. 

The second set of situations is provided by the cases where rnk < mq; the 

discrepancy between the txvo masses can be quite large. ‘The most probable deca? 

mode for the squark is then that the scalar quark decays into the corresponding quark 

and gluino. The gluino decays into a quark plus an antiquark and a photino. The 

main consequence of this second picture is that the signatures of the processes (I), 

(2). and (3) are rather different and that the rates are different. too. 

This second scenario may he pushed a little bit more: and one may consider the 

case of a very light gluino and a much heavier squark (m, << ma), ICe hare found it 

interesting to distinguish two sets of conditions imposed on the decay products. The 

first set corresponds to the dominant decay mode. namely: g + qqj and 4 + qp 

[with BR z 93%). But, much more striking signatures are obtained with events with 

rni C:< mq, produced at relatively very lox pi and wit01 4 decaying into q<. This 

6 



decay mode is not the dominant one as me > me, and it represents only about 7% of 

the total branching ratio. As the glnino is very light compared to the squark and as 

both are produced at very low pi, the signature of the process pp + 94 is dominated 

by the squark. This process will appear, under such conditions, as qg + q -+ q+ 

(i.e. a “Madrid - like”[*] reaction). For the low cm. energy machines, it will result 

in an “anomalous” rate of high E, monojets and large missing energies. Going higher 

in c.m. energy, it will produce relatively low jet multiplicity events (i.e. 5 3 jets at 

LHC or SSC energie@]). Whereas, if the 4 + q& even at low pi, the striking low 

jet multiplicity plus large amount of missing energy signature will be diluted by the 

subsequential decay of the g into qqq. Moreover, it has been demonstratedIs] that this 

process at relatively low pi not only goes through a fusion mechanism, but also gets 

a contribution of the excitation mechanism which may even be substantial (especially 

when going to higher energies). 

To reproduce this situation at the CERN pp collider, we have chosen as low 

pi range, 2 5 pi (GeV/c) 5 20 (the usual pi range for this c.m. energy being: 
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10 5 pi 5 110 in GeV/c. The usual ranges are chosen for computational simplicity, 

and correspond to almost all of the production cross-section) and (mi: me) = (10: 

100) in Ge\./c’. 

The value mp = 10 Ge\./c’ corresponds to a mass just above the limit given 

by beam dump experiments. Sate that the process qg --) 66 is dominant as the pair 

production of gluinos provides of course a tremendous number of events. but these 

events will not pass the first lewl trigger (both on ET’ and/or Ep”“): on the other 

hand. the pair production of q will give very striking events but too low rate for this 

c.m. rnergy and relatively very low luminosity. 

At the Tevatron. we consider 5 5 pr (GeV/c) 5 30 (the usual range being 

from 20 to 200 GeV/c) and (ma; m6) = (50; 250) in CeV/c’. This value for me is 

chosen assuming that a gluino with a mass in the range of a few Ge\- up to 50 Gel’ 

vould be or is alread! ruled out by the CERN pp collider. (see Section 3). For this 

set of smasses. gq and @ reactions will be considered. 

At very high c.m. energies (i.e. LIIC or SSC) t~ro analogous cases have been 

considered in great detail,3:. They are defined by a pp” of 20 GeV/c (the usual pi 

range for these c.m. energies is from 100 to 1000 GeVic) for (mi; mil) = (100: 500) 

in Ge\./c’ and a p? of 30 Ge\,./c for (ma; mq) = (200: 1000) in Ge\‘jc’. 

For the two other scenarios, mp < m, and rni 1 mq: different set of (mi; mil) 

have been chosen to cover the region in smass going from a few GeV to the 0(1 TeV). 

The pi range considered for generating the initial partons (9: 6) are respectively 10 

to 110 Ge\. for the CERS pp collider, 20 to 200 Gel. at the Tevatron. and 100 to 

1000 Ge\. at t,he supercolliders. All the various set of (me: m;l) considered in this 
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work are indicated in Fig. la for the CERK pp collider and the Tevatron. and Fig. 

lb for the supercolliders. 

1Vithin our theoresical framework. we have defined the rrxtions. the corrc- 

sponding smasses. decay modes. and branching mtios: now xc need a program to 

%alistically” generate these various processes. 

2.2 The Generator Program and Its Ma.in Expectations 

To do so. a 1Ionte Carlo program.IS.UET:“~. able t,o generate the clementaq 

processes implied by reactions (l)? (2): and (3), as well as the main corresponding 

backgrounds is used. ISAJET includes the generation of a hard interaction by the 

convolution of (i) hard scattering matrix elements and (ii) structure functions; the 

addition of (iii) initial and (iv) final state radiation (which has been turned to fit the 

underlying part of UAl events at 630 Ge\. c.m.); the inclusion of(v) beam jets; and 

finally (vi) the fragmentation of partons into hadrons and subsequent decays. Isajet 

has adapted the iudependent fragmentation. The hard matrix clrments of 2 + 1 and 

2 --t 2 subprocesses are exactly calculated. \rhereas the case of 2 + 3 reactions are 

computed in an approximate way by the inclusion of initial and final state radiation. 

The main aspects of the section of this program devoted to the generation of SCSI 

processes have been implemented by F. Paige “‘1 for Snowmass 181 and includes the 

EHLQ calculationsi”~ for the matrix elements 

In this program, sparticles are produced with an extension of the sC(2)~ x 

SLrr(2)~ x IT(l)y model of xeak and electromagnetic interactions. The left and right 

scalars partners are assumed to be degenerate, the same mixing is used for photino- 

zino as for photon-z”: and mirings of gauginos with higgsinos are ignored. The 



couplings are completely determined by the standard model and the cross-sections by 

the masses assumed in it. New vertices are therefore generated where the standard 

particles are replaced by their superpartners with the same coupling constants. For 

instance, the standard qqg vertex with coupling constant gs (where: as = gg/4a) 

is replaced by the vertex <Gg, or C@ or qi& with the same coupling constant gs. 

Thanks to these Feynman rules, the various contributions to the diagrams for the 

production of superpartners can be calculated. O(ai) processes are incluhed. 

To generate gluino pairs, ISAJET considers the two elementary processes: gg 

---t & according to the following diagrams (4): 

9 
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H 
xi 9 ---l---c 9 g + 1, ‘q + I x ;il I s ; s----~s Y 

and the process qq - &j with the following diagrams (5): 
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Note that the elementary cross-sections for processes (4) only depend on the 

mass of the gluino, whereas for processes (5) they also depend on the squark mass. As 

usual in ISAJET, the masses of sparticles as well as the decay modes are introduced 

by the users by means of data cards. 

To generate squark pairs, three types of elementary reactions are used in 

ISAJET; the first one is gg + 64, with the following diagrams (6): 

The second contribution is given by qq - -+ 64 for which the considered dia- 

grams are (7): 

The third contribution qq + G4 follows the diagrams (8): 



Squarks produced by W or Z” decays according to: 

are ignored here, since they give a much smaller contribution than (6), (7), or 

(8). 

To produce 96, only one elementary process contributes to the cross section: 

gq -+ ii; it is provided through the following diagrams (9): 

9 

ST-n-a-r 

F----r + ;hF<; + ----J-;. 

The matrix elements corresponding to each of these diagrams are computed 

according to EHLQ. 

This is the general framework within which we have generated our theoretical 

hypothesis. ISAJET offers the user the freedom to introduce, “by hand”, the mass of 

sparticles as well as their decay modes. To be sure that Isajet correctly reproduces 
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EHLQ’s calculations, xe hare performed the following check reported in Fig. 2. The 

cross-sections calculated by Isajet for the pp + @ process. as a. function of the gluino 

mass are shown in Fig. 2. This computation is done assuming: mg = mq ,y 5 1.5. .\ 

= 290 me\. at ,,,& = 0.630, 2. 10. and 40 TeV and considering almost the full accessible 

pi range (i.e. pi goes from 10 t,o 500 Gel. for & 2 2 Te\’ and pi goes from 5 to 200 

Gel,’ for \/; = 0.630 Te\- ). \Ve compare these results with these d uiren bv EHLQI”. 

under the same assumptions:“~. As expected, a very good agreement between these 

two calculations is shown in Fig. 2. A similar check of the process pp + gq also 

gave good agreement. This gives us confidence that the results given by Isajet are 

quite compatible with EHLQ’s expectations. 

Moreover? this Monte Carlo program includes another section that xe will 

use to study the standard background; Isajet incorporates perturbative QCD cross- 

sections. initial-state and final-state QCD radiative corrections in the leading-log 

approximation: independent fragmentation of quarks and gluons into hadrons. and 

a phenomenological model t,uned to minimum-bias data for the beam jets (to fit in 

particular I..-\1 data). Apart from the hard scattering, which mainly leads to two 

high-pT jets and includes gg --f gg, gq -t gq, and gg + qq, with the defwlt structure 

functions of EHLQ.“-. the QCD radiative corrections are added to allow the possibilit> 

of many jets. This is essential in order to get the correct event structure, especially 

when going to higher energies. 

The Drell-Yan production of \II or Z” within the Sta,ndard Model is also in- 

cluded in this part of Isajet. For zero transverse momentum of the I\‘. the process is 

simulated by qq + IV. If non-zero limits on the transverse momentum of the \V are 
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set. then the processes qq --t IV - g and qg + IV - q are simulated instead. includ- 

ing the full matrix element for the \V decay. Similar tools are provided to simulate 

Z” production. 

lsajet is for the moment the oni? general “realistic” Monte Carlo. offering a 

\va,y of reproducing, at the same time. SF’s> reactions a,nd Standud Model processes. 

\le are aware of the various limitations of such an approxh; but we think this tool is 

good enough to at least give a first idea of whether or not. from an experimental point 

of view (i.e. introducing various experimental set-ups) we will be able to identify these 

possible new phenomena. and to extract them out of their corresponding standard 

backgrounds, 

\Ve are going to apply this uniform approach to the various following experi- 

mental set-ups: CA1 at the CERN pp collider, upgraded U.41 (with a finer-grained 

calorimetry) or Ui\Z (total 4~ covera,ge by fine grained calorimetry) at ACOL (assum- 

ing an integrated luminosity 10 times higher than t,hat~ recorded during 1981 to 1985 at 

CERS): the CDF detector at the Tevatron, assuming a luminosity first of 1036cmm’. 

then of lO”“cm-?: finally a fine-grained 4~ calorimet,er at the LIIC or the SSC pp 

collider. \vith 10”“cm~2 integrated luminosity. These different items are discussed in 

the next sections. But, before describing them. let’s report on the cross-sections and 

the rates of events corresponding to each scenario. 

2.3 Expected Rates ad Cross-Sections at I’arious c.m. Energies 

and Integrated Luminosities 

Cross-sections a,nd rates are calculated nith Isajet 5.25. The range in smass 

considered in each case is defined in Subsection 2.2 and in Fig. 1 (a. b). ‘The cross- 
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sections are integrated over a pi range for sparticles which goes from 10 Lo 110 Ge\Yc 

for the CERS pp collider. 20 to 200 Ge\,./c for the Tevatron. and 100 to 1000 Ge\‘ic 

for super pp colliders. These pr ranges can be lowered in the case of m, i< mq 

(as already mentioned in 2.1) to 2-20 Ge\.jc for ,/g = 630 Gel.. j-30 Ge\./c for 4; 

= 2 TeV. and 20-100 or 30.100 Get-/c for v’5 = 1; Tel- and 40 TeV. Therefore. 

the generated ewnts lrill always include a minimum value 011 the pi of the primar! 

partons (p$“) which usually goes from 10 to 20 Ge\‘ic (for ,;; = 630 Ge\. or 2 Tel.. 

respectively) up to 100 Gel’ (for \/; = li or 40 Te\‘). 

The rates quoted here are calculated for an integrated luminosity of il.? nb-’ 

at J; = 630 Ge\. (corresponding to the total luminosity recorded on tape by the UAl 

experiment until 1986 shutdown), 10S9 cm-* at \/; = 2 TeV (which should be achieved 

provided an impro\wnent of the Tevatron to increase the peak luminosity up to 5 x 

1O3’ crn-‘~-~. For the super pp colliders a total integrated luminosity of 104’ cm-’ 

per year is the present hypothesis of performance. The case of ACOL. with 10 times 

more integrated luminosity than the present score at CERS pp collider is treated 

separately in the next section. ‘The case of 10S6 cm-’ at fi = 2 Te\- which could be 

reached b? CDF experiment Gthin the next forthcoming run (1988) is described in 

detail also in Section 3. 

In Fig. 3 we present the results obtained for the case where mg < m,+ at ,/; 

= 0.63, 2. 17. and 10 Te\.‘; Fig. 3a and b show the behaviour of the cross-sections 

as a function of the gluino mass. with the quot,ed values of m8 referring to the set of 

values (me; ms) for m, < mG considered in this work. for the elementary processes 

-- __ 
PP - gg: gq, and cjQ separately. \Ve remark that at ,I; = li or 40 TeY. the cross- 
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sections differ by an order of magnitude and. as expected. 0 (pp + gg) > u (pp + 

Gi) > C(PP + qq) in this case. .It 4 = 2 Tel‘. the elementary cross-sections may 

differ by three orders of magnitude. 

The sum of all three elementary contributions for each & are then reported in 

Fig. 3~. \\e see that the LHC and the SSC cross-sections for gluino mass above 200 

GeV may differ by l/2 or one order of magnitude. IYe also note the tremendous gain 

in cross-section obtained lrhen going from 2 Te\’ to 17 or 40 Tel.. for gluino masses 

abow 200 Ge\‘. In Fig 4a. we consider the elementary cross-sections for each Aue 

of \is corresponding to the case of degenerate masses. \ii plot them as a function of 

the smass. The quoted smasses refer to the set of values (ma 2 mc) considered in 

this work. \Ve note that as expected in this scenario, the elementary cross-sections 

are very similar. In Fig. -lb we plot the smn of the three contributions. 

If we consider now the pp colliders such as the CERS machine or the Te\-atron 

working with an integrated luminosity of 1036cm~2/year. i.e. the first generation of 

pp machines. a reasonablr cross-section for the production of any ne~v signal is of the 

order of the nanobarn. Such a level is obtained at the CERN pp collider for smasses 

of the order of 40 Ge\.. and at around 100 Gel. for the Trvatron. The LHC or SSC 

pp colliders are expected to run at a luminosity of about 1040cm~2; therefore, cross- 

sections of the order of the picobarn could be explored. This corresponds to smasses 

of the order of 1 Tel’ for these super pp colliders. This is a first. very rough, estimate 

of the kind of discovery limits which will be reachable bx each machine. 

An important part of our job is to define accurat,ely these limits. Another Ka? 

to express these numbers is by giving the vuious rates per alar that may be expected 
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for each machine. in each theoretical framavork we consider. and as a function of the 

smasses. In Fig. 5a we show the expected rates corresponding to the total integrated 

luminosity recorded at the CERS - pp collider b? the U.41 experiment. It shows that. 

in any case. above about O(10 G:eX’): th e rates drop dramatically below a few events 

which. as we will see later on: is too low to give any experimental evidence. Fig. 5b 

gives the rates for the degenerate-mass case at each considered value of ,,G, taking 

ralues of the integrated luminosit,y of 104’ cm~‘/gear at 17 and 40 Tel’. 715 nb-~’ at 

v% = 0.63 Tel.. and 1.5 x 1039cm-2 at J; = 2 TeV (i.e. improved luminosity case). 

It is already important to note that. for smasses of the order of 1 Tel.. the LHC lvill 

record about 10’ ryents and the SSC about lo6 events. \rhereas. at about 200 Gel- 

mass: the LHC is expected to give about 10’ events/year and the SSC again about 

10 times more. The Tevatron with an integrated luminosity of 0( 1O39 cm-‘),‘year 

xvi11 record about IO3 to lo4 SUSk events per ear at 200 Ge\. and about lo6 at 

100 Gel. mass range. \Ye note that for the considered luminosity recorded so far 

by U.Al for events with large missing transverse energy (il.5 nb-I), at 100 GrI- the 

expected rate of SYSY events/year is only of order 10. Figure 5c represents the rates 

for the case rnt < rn4, within the same conditions for the luminosity than the ones 

defined for Figure 5b. For m, - 5OOGeI’ SSC gives about 10 times more events than 

LHC; for rni - 200Ge\’ the Teratron gives a few lo3 events and about IO6 events 

for rni - lOOGel’ (for an upgraded luminosity); UAl only expects about 10 events 

under the same conditions and for X5 nb-‘. Finally in Fig. 5dl v-e represent the case 

of a very light gluino a,nd a relatively heavy squark. 

The main sta,ndard backgrounds genera,ted with Isajet are the 2 + 2 QCD 



process with light constituents and heavy qurks. the 2 + 1 Drell Yan process to 

produce \V’s which then decay into TV, and 2”‘s decaying into VV. As we will see in 

details in the next sections. these are the main sources of background as they ma: 

give rise also to a relatively fair amount of missing transverse energy. 

Il’e summarize in Table 1 the cross sections in mbarns of the different stan- 

dard processes at different c.m. energies and for different values of the PFn threshold 

applied to the PT of the primary partons. It gives an idea of the small value of the 

ratio S/B before any cut is applied (but Pp” cut). In addition w show in Fig. (6) 

the Eys* distribution at the c.m. energy of the CERS pp collider provided by the 

standard backgrounds and two different Susy signals.Figure 6a and b shows the EpsS 

distribution for the decay of the \V into TV~ an d for the QCD signal with different 

values of P”‘” T .Figure 6~: shows the same distribution for a SW?- signal corresponding 

to low smasses ( namely rni = 35 Ge\. and m, =80 Ge\’ ): and a Susy signal COT- 

responding to high smasses (namely: rni = 81 Gel: and mi, = SO Ge\. ) It clearly 

shows how lox PT QCD events xi11 perturb loxv smass signals whereas the higher PT 

tail plus IV’s and Z^‘s will mainly disturb higher smass signals. 

Several orders of magnitude enhancement of S:B must be accomplished to 

detect supersymmetric signals. This is the maiu goal IW will attempt to reach in the 

next sections. 
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Table 1:Expected Contributions from Standard Background in various pp Col- 

liders. Cross-sections are in millibarns. 

Background u Tevatros L&G ssc 

QCD 

p$' > in GeV 

10 .117 0.737 

20 .49 x lo-' 0.57 x 10-l 

50 .28 x lo-' 0.11 x 10-a 

80 .8 x 1O-b .088 x IO-4 

100 .ll x 10-a 0.23 x IO-' 0.37 x lo-' 0.13 x 10-I 

1M) 1.2 x lo-' 5.0 x lo-' 

300 2.8 x lo-‘ 1.7 x lo-' 

500 0.2 x lo-' 0.18 x lo-' 

w - TY 

p: > in GeV 

10 .51 x lo-' 0.40 x lo-' 

20 .I5 x lo-' 0.20 x 10-e 0.38 x lo-" 0.10 x lo-' 

50 .98 x 10-o 0.27 x lo-' 0.97 x 1O-b 0.024 x lo-' 

loo .23 x lo-lo 0.30 x IO-' 0.018 x lo-' o.co37 x lo-' 

300 0.43 x lo-' 0.20 x lo-' 

20 - "D 

p$ > in Gel’ 

10 .43 x lo-' 0.4 x 10-e 

20 .13 x lo-' 0.16 x 10-e 0.29 x IO-‘ 0.92 x lo-( 

50 .lO x lo-* 0.27 x lo-' 0.73 x 10-e 0.02 x lo-' 

100 .22 x -10 0.28 x lo-' 0.018 x lo-' o.cm31 x lo-' 

300 0.4 x lo-' 0.19 x lo-' 
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IVe have summarized in this section what are the main expectations given b> 

the program which generates the processes. and the different hypotheses we want to 

study. \Ve jump now from the world of partons to the real world. This real world is 

obtained b? simulating these reactions inside the various detectors which are installed 

at the different pp machines. \I’e start with the UXI experiment at the CERS pp 

collider which represents the “low-mass” range. 

3. SUSY at the CERN pp Collider 

The U-41 esperimentl’3 1s a pioneering detector for pp machines. It is char- 

acterized by a 4~ hermetic calorimetry (including both e.m. and hadronic parts) 1 a 

muon detector covering the whole apparatus down to 15 degrees with respect to the 

beam axis and a xry precise censral tracking with a dipole magnetic field of 0.7 Tesla. 

Using many of these properties. the so-called “missing-energy technique”. has been 

developed to measure and analyze events where u or v-like particles are produced ‘li. 

3.1 AIissing-Energy Technique in the U.11 Detector 

It is important to note first that in pp (or pp) colliders. it is not possible 

to measure properly the total missing energy of an event: but only its transverse 

component: Ep. This is clear when looking at the plots of Fig. 7 where 11-e note 

that owing to the beam jets produced in such collisions. a large fraction of the energ) 

is lost in the beam pipe. Thus the component of the energy along the beam axis is 

very badly measured. \Ve are then restricted to defining a transverse missing energyl 

by considering the component along the two axes in the plane perpendicular to the 
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beam axis (i.e. components E, and E,). By projecting the energy of each calorimeter 

i cell onto the transverse plane. we obtain the transverse energy vector EI; given by: 

The corresponding total transverse energy E;p’ of the event is defined as the 

scalar sum of the transverse energies of all i-cells: 

E;P’ = c e,i - !?,; 

and the total transverse missing energy is given by: 

E* 
miss = -E;“’ = -c i,eT;;; 

This method may be applied if. and only if. the calorimeter is really -1 ii and hermetic. 

In the case of the LA1 detector, “good 4 T coverage” is ensured by the central. 

forward. and very forward calorimetry which covers the range down to 2 degrees with 

respect to the beam axis and by a muon-detector (able to detect muons down to 

about 15 degrees from the beam axis) plus a good handling of the cracks and dead 

region (which are in&table in any 4 r-detector technology). There is in the U.&l 

detector a main dead region: it is defined as a cone of iI5 degrees around the vertical 

up and down axis in the central calorimeter (covering the region in pseudorapidity 

v defined by 7 < 1.5). This dead zone is due to the separation into two gondola 

hemispheres. Some energy may flow in this region without being detected by the 

calorimeter. However. th’ 1 k 1s ea age ma!: be detected by the central detector (CD) 

(which is able to see at least, the charged component of this possible energy flow). 
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This information from the CD may be used to tag a good fraction of the so-called 

vertical events. This is taken into account in the validation of the total missing 

transverse energy measured in an event. 

Moreover: an estimate of the resolution on EFY” has been made by measuring 

the resolution on E;“’ on a sample of minimum-bias data and of high Ey’ triggers. 

The result is plotted in Fig. ib: the resolution on Ep’” deriwd from this measurement 

is given by g = 0.7t/EyL. This parameter is used to x-&date the transverse missing 

energy measured in an event: a cut. which is a function of g. is applied to EF”. 11.e 

will consider. in this analysis. two types of cuts:ll:: a loose cut. which is equivalent 

to 2.5 c. and a tight cut, which corresponds to 4 D 

The missing-energy technique was first used in L-Al to search for \I’ ---t ev 

events. It has then be extended to study other processes jvhich also produced v ‘(s) 

or Y -like particles. This is what we are considering now. 

3.2. Definition of the Missing-Energy Selection in 6.41 

Until 1984. no missing energy first-level trigger was set. From 1984 on. a 

missing energy cut has been introduced both at the first level (i.e. in the hardware 

processor) and at the second level (i.e. using on-line 168E or 3081E emulators). It 

is done b! requesting an imbalance in the total transverse energy of at least 17 Gel 

between the left and right sides of the central calorimeter, together with at least 

one jet; in the trigger processor, a jet is defined as a minimal amount of 15 GeV of 

transverse energy deposited in eight adjacent e.m. cells and the two hadronic cells 

behind. The estimate of Et;i” m the first-level trigger is biased by the left-right 

symmetry of the central e.m. calorimetry in UAl (so-called gondolas). 
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At the second-level trigger. the on-line emulators recompute Ey’ by using the 

information provided by all the calorimeter cells in the apparatus: a cut on Ep*’ of 

3.5 D (where u = 0.7,/e) is applied on these data. 

Apart from this on-line selection of missing-energy events. an off-line filter is 

applied on all the recorded data (i.e. the 10 million triggers which correspond to the 

total integrated luminosity of 715 nb-‘. It is this selection which finally retains 1%; 

to 2% of the data which represents the complete sample of missing-energy data. It, 

includes all the different types of triggers which ma,y be set by the first-level trigger. It 

also implies that all these data have been completely preprocessed, which means that 

the calorimetric information has been fully reconstructed (including all the constants 

of calibration, bookkeeping of dead channels. etc.) It retains, independently of the 

first-level trigger bit, each event which has a computed transverse missing energy of 

15 GeV and validated at 2 c. 

It also rejects spurious ewnts such as cosmic ray and beam halo. which fake 

the missing-energy events. \Ve show in Fig. 8 a diagram of the complete data selection 

from the on-line trigger to the off-line filter. 

Let us now discuss in more detail the three types of filters we will use and 

finally analyze here. The filter labelled “4~” corresponds to an inclusive selection of 

data after requiring a tight cut on the total missing transverse energy (i.e. Ev > 

40). The filter “2.5~ no b/b” is defined by requiring the loose cut on Ev (i.e. 

Ep > 2.50) but constmining strongly the requirement on the “non-activity” in 

the region ba.ck to the highest ET jet in the erent. This is done first by demanding 

that there be no jet. either in the calorimeter or in the CD. back to the trigger jet of 
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the event. In addition, the sum of all ET-cell or of all tracks, in a cone in AR of 0.4 

around the axis back to the axis of the trigger jet is required to be less than a few GeV 

(6 and 4, respectively). This restrict the possible event topologies to monojet or bijet 

non-back-to-back. The filter “46 no b/b” is defined in the same way as the previous 

filter, but requiring a tight cut on E, misg instead of the loose one. The cuts on the 

non-back-to-back activity were very important, in the case of the UAl experiment, to 

beat the major background, that generated by: W -+ rv, events. We will see below 

how these filters bias the search for SUSY particles, But before that, let us recall the 

main results obtained by the UAl collaboration [I41 . These results are summarized in 

Table 2. 

Table 2: Expected Contributions from the Standard Background to UAl Ex- 

periment ( corresponding to 715 nb-’ ) 

Background process Expected contribution (#a. of events) 

for all data for L+ 0 data 

(56 events1 (24 events) 

w .a TY + hadrons T 36.7 r 1.8 8.0 2 1.0 

All leptonic decays of Y or 
z” w 11.5 

(except + TV •t hadronsl 
+ 1.3 9.2 c 1.2 

Heavy flavour (b, cl produc- 

tion from pp + Qi and from 0.3 t 0.8 0.2 + 0.8 

W and 2’ decays 

QCD jet-jet fluctuations 3.8 + 1.7 3.4 + 1.7 

Total 52.3 +- 2.5 20.8 +- 2.0 

This table shows that the contribution of all the standard background is 52.3 

24 



I 2.4: This number corresponds to the 56 events selected from all the data recorded 

between 1983 and 1985 bv the U.&l detector and corresponds to a tight cut on Ep” 

plus a requirement on the non-back-to-back activity. Therefore. not much room is 

left for anything but a standard model explanation for these events. 

Anyhow. this result is already important to set limits on the smasses which 

could hare been detected in this experiment according the various scenarios we have 

studied. 

3.3-l Effect of the Filters on the Rates of Expected Errnts 

IIP have given at the end of section 2: in Fig. 5. the rates of expected events 

according to Isajet. for the various scenarios applied to the case of the LA1 detector 

working at the CER;2 pp collider and recording a total of 715 nb-‘. In Table 3> we 

show how these numbers are changed when applying the different filters (including 

also the trigger). This table describes in detail the different scenarios which have been 

considered for the CERN pp collider and lists the results for eacir elementary process. 

It is divided in three parts: Table 3a concerns the various cases where the gluino and 

squark masses are non-degenerate (me < mG). In Table 3b, we report one example 

with a very light gluino and a relatively very heavy squark (mc << m+): mg = 10 Ge\, 

and mq = 100 Gel’. In this special case, we look at both the dominant decay made 

of the squark into qg (about 93% of branching ratio) and the case where 4 --t qq 

(which represents about 7% of the branching ratio). Finally Table 3c summarizes the 

case where the gluino and squark are almost degenerate in mass (ma 2 m+). In this 

last case. the rates between each of the 
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elementary processes remain comparable even after each filter. On the other 

hand. in the case represented in Table 3.~. the production of gluino pairs (which is 

lighter than tile squark) is dominant by about one order of ma,gnitude compared to 

gq, and by tvo orders of magnitude compared to @j. 

The different filters which impose a cut on Ey”” strongly affect all these cases. 

III particular. by applying the 4 cr inclusiw cut on Ep’ in the case where rn, < m;, 

and \rherc the smasses are lighter than the \V rna.ss (m\v), only a few percent of this 

wents remain. and at most 2OYc if the smasse are of the order of mu-. If rni - m,. 

this filter strongly affects the lox-mass case (i.e. when mg - mq - 20 Ge\.): t.his 

effect decreases when the smasses become larger. !Vhen me - rnk - 40 Gel:. 25% of 

these events pass the filter, and when me - m,+ -., rnw; more than 50% of the events 

remain after this cut is applied. If rni << m,, the cuts on EF” have a drastic effect 

if rj + qg (only at most few per cent of such events pass these cuts); but if 6 + q+ 

the corresponding events are much less sensitix to these cuts. It is also important to 

note that the cut on Epss that also requires no-back-to-back activity is a very strong 

cut. both for m, < me and mti ?w me; only a few percent of these ewnts survive. 

independently of the values of the smasses. 

Finally, we note that in all these cases. the elementary processes behave in 

almost the same way with respect to these various Ep filters. All these results are 

summarized in Fig. 9a and b! for the cases with me < mq and rn& 1 me 

3.3-2 Characteristics of the SUSE’ Events in the VA1 Detector 

1\‘e first show dispiays of some typical SUSY events as they would a,ppear in the 

UAI detector if the scenarios we have imagined were real. For this purpose. a complete 
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simulation of the L-Al detector has been applied to various processes generated by the 

Isajet Monte-Carlo. In Fig. 10. we present views of an event generated by the process 

pp + gc with rni = 21 Ge\‘ and rnq = 19 Gel.: it appears as a clear monojet event 

with an ET of 33 GeL. measured by the calorimetry and a pi of 6.4 GeVjc in the CD 

(four charged tracks). The missing tra,nsxrse energy of 27.4 Gel. balances quite well 

the ET of the jet. In Fig. 11. 12. and 13. we show rarious jet topologies generated by 

the same process. pp --t 96, with mg = 63 Ge\. and rn~ := Si GeV. The decay modes 

are g + qc and S + qy. In Fig. 11. we show a. typical monojet. generated by this 

process. The jet has 40.3 Ge\. in ET and 15.7 Ge\‘!c in p-r: with a multiplicity of 

five charged tracks: an Ep5’ of 27.5 Gel’ b&nces this jet. Such a process may also 

generate clear non back-to-back bijets such as the one presented in the views of Fig. 

12. One of the two jets has an ET of 10.8 Get’ measured by the calorimetry and 47.8 

GeV/c measured in the CD (with six charged tracks). The second jet has an ET of 

39 Gel. and 32 GeVic of PT. The difference in azimuthal angle between the two jets 

is of about 130 degrees. A total missing transwrse energy of 28.9 Ge\. is measured in 

this event. In Fig. 13. we show a trijet event. again generated by the same process. 

The ET of each of these jets is respectively 19.7 GeVl 22.1 GeV. and 20.1 GeV. and 

there is a total missing transverse energy of 32 GeV. The various pictures presented 

so far correspond to the case where m, 2 mil. In Fig. 14 we present a monojet event 

generated by the process pp + gq, with g --f q@ and mti = 10 GeV, 4 + q4 and 

m4 = 100 Gel’. The jet has an ET of 16.3 Get: and a pi of 23.3 Ge\;/c, balanced b! 

an E!y of 42.8 GeV. 

‘These various pictures show first t,hat SUS\r processes iu the scheme we have 
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adopted here may generate very clean mono- or multi-jet t,opologies. with a fair 

amount of missing transverse energy; secondly. it shows that various types of processes 

may generate the same kind of topologies. but also that the same process may generate 

various types of jet topologies. These facts will be explained in the next subsection. 

For now ne nil1 study the main features of the different chuacteristics which describe 

the events. Among these quantities. we consider here: the total missing transverse 

energy (E!i”“). the number of jets in an event (with E$’ > 15 Ge\. and applying the 

standard r.41 jet algorithm:‘5!). the transverse energy of the trigger jet, in the event 

(EC’). 

For a detailed study of the number of jets in the events (i.e. the jet topology). 

we refer to the next subsection. The other two parameters are displayed in Fig. 15 to 

18. In Fig. 15a, are plotted the average values of the ET of the trigger jet, < E’;’ >. 

for all the cases considered in this study. Fig. l5b shows the average values of Ep;‘” 

for each studied scenario. In Fig. 16~ we show the evolution of the E$’ spectrum as 

a function of the smasses when they increase from 20 to 80 Gel.. in the case xhere 

me < III+. Fig. 16b presents the corresponding evolution of the Ep’ spectrum. Fig. 

lia shows the evolution of the E$ spectrum when the smasses vary from 20 to 80 

Gel’ and mi 2 mq. Fig. li’b shows the corresponding EFsS spectra. Finally, Figures 

18a and b show the E’G’ and Epss spectra in the case of a very light gluino and a ver> 

heavy squark, considering both decays of squark (i.e. 4 + qg and C$ ---t q;Y). In this 

last scenario, the main point to note is the Ep” distribution which. for 4 + qi has 

an average value of 15 GeV. whereas. in the case of 6 ---) q$ is luger than 30 Gr\.. 

The E’G’ distributions are roughly the same. In the case where rni < m,, the three 
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elementary processes giw different values for < E)Tc > (especially if the difference in 

mass between giuino and squark is rather large! as for instance in the case rnk = 50 

Gel’ and mu = 100 GeV) The process pp --t rjg gives. of course. the highest values. 

[Then mi 2 rnq- each elementary process gives roughly the same value for both 

parameters < E$L > and i Ep >; < ET”’ > is slightly higher in this case tha,n 

when ma > mq, in particular jvhen smasses are reaching values towards mw. 

IVe xi11 now use these main features of the SVSY events to investigate the 

“typical SUSHI’ signa,tures” that one may expect in the I-;\1 detector and also the 

xay they evoire when applying the various EF*’ filters used in this esprriment. 

3.3-3 SCSY Signal at UAl.Esplanation of the jet pattern 

Processes (l), (2). and (3) are mainly ‘.hadronic processes”. This implies that 

one of the main features of these events is their jet pattern. Another important 

feature of these events is the amount of missing transverse energy produced by the 

emission of the 4(‘s). These are the two st,riking aspects of the signa.ture of the e-vents 

xce are looking for. \Ve have already explained how some filters have heen developed 

to select ewmts with large Ep”. 

To identif? the jet pattern of the events. a program has been built that classifies 

the events according to their jet ~tructure!‘~1. First we consider the events with only 

one jet with ET > 15 Ge\’ and a minimal amount of transverse momentum: PT/ET > 

10%. In addition to this trigger jet, 
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Table 3 and Table 4 for the case where rnk << mq 
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small-ET jets (ix ‘i 5 E$’ (Gel’) 5 15) can be part of this kind of events. 

provided they are not back in azimuth to the trigger jet within a cone in 1R < 0.4 

Such events are called “monojet” events. If one of the possible additional small ET jet 

is back in azimuth to the trigger jet: the program classifies this event as “MOSOJET 

with activity back”. If there is a second jet in the erent with ET 2 15 GeV. it is 

referred to as a BIJET event. If these two highest ET jets are opposite in azimuth. 

t,he event is called “DUET ha,&to-back”. Otherwise. it is called a “BIJET non 

bxk-to-hack”. Again in this type of events. additional small ET jets with ET < 

15 Ge\- are allowed without changing the label of the corresponding pattern. Each 

time the program finds in the event another jet with ET > 15 GeV: the label of 

the corresponding jet pattern is increased by one. ‘Therefore the various multijet 

structures are classified this nay. 

For each scenario, we have studied the jet topology obtained and the effect 

of an ET;‘” filter on it. The results are summarized in Table 4: the percentage of 

events having a certain jet pattern, and the evolution for each scenario (ix: me << 

rn+: rng < me and mp 2 mu ) when changing the smasses. Also reported in this Table 

is the change in the jet structure when applying a tight cut on Ep”” (filter 2) or not 

(Filter 1). In the case of mi << m,, reported in Table 4b: it is interesting to note 

that, if 6 - qg and no filter is applied. the dominant jet topology is given by two jets 

back in azimuth (39% bijets b/b + 107 o monojets b/b), then the multijet topology 

gives 25%: only 11% of bijets no b/b, and almost no monojets at all. For 6 -+ q?, 

the amount of back to back topologies is much less (only 8:6% of bijets b/b i 14% of 

monojets with bjb activity) and. on the contrary, there is a large proportion of bijets 
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no b/‘b and real monojets (about 25% of each), and much less multijets (only about 

8.5%). .A tight cut on EF” does not really affe.ct the decay 4 + q4 whereas it has 

a strong effect when 6 --) qg: as it cuts drastically the b/b structure and keeps the 

bijets no b/b and multijets at roughly the same level (i.e. about 10% each one). 

The case \vhere IQ : IQ, is report,ed in Table 4a. 1V.z note. in this scenario. 

that if the smasses are near 20 Gel- the dominant jet structure are the monojets: 

this effect is still accentuated by applying the tight cut on Ep”. about 50% of the 

remaining events are monojets and almost no bijets or trijets are left. .At 40 Gel.. 

monojets and bijets non b/b are at the same level (about 15 to ZO‘% before the tight 

cut and 20 to 30% after the cut is applied); multijets appear at the fen per cent 

level. \Vhen going to higher smasses (i.e. 60 or 80 Ge\‘): the bijets non bib dominate 

(40 to 50%), monojets are present to the order of 20 to 15% whereas the number of 

multijets increa.ses up to about 10%. So when increasing from 20 to 80 Gel’. the jet 

pattern change from about 50% of monojets to 50% of bijets no b/b and exll of the 

three elementary processes behaves in roughly the same uxy. 

If rnk < mq, the results depend on whether or not these txo masses differ 

b. f’ J a an amount. A striking feature is that when going from 20 Gel. to 80 Gel.: 

the percentage of multijet structure increases dramatically from about 3%’ to 30%. 

becoming predominant in the case of $6 and 66 processes. The other jet patterns 

remain at the level of the few per cent or at most 10%. 

In this scenario: the jet topology provided by each elementary process differs. 

especially vhen the difference between rng and me becomes larger. 
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Table 4:Effeet on the jet pattern of applying or not a cut on Ep, a) in the 

cause where rnt 2 mq or b) in the case where rni < rni, 

z:’ 1 mp 1 mny 1 10”y, b/L, 

“;i - 21 1 15 10 
mq - 19 2 50 

% - 42 I IS.5 10.6 
%.ro 2 3, 4.6 

%.63 I 11.5 9 
n;i.57 2 9.5 7.. 

.,-“.5 1 5 6 
~-66.5 2 B.5 4.9 

yj-s. 1 11.5 1.6 
5 - 80 2 13.5 6.3 

si,stm D/b si,ct* non BIB 2 3 1.t. 
* a . 

18.5 8.5 2 

2Ei 

IT.7 22.3 3.6 
1.1 19.3 4 

19 37 13.6 
6.3 35 
6.5 31.6 
2.4 25.6 

!I! 

14 36 
3.6 45 

Tablr ba : various Jet tolwlOqi*l for l VI”Cl ritn no illtu 
t1.e. *ntcc 1) or 4 0 i”CI”S1v8 filt*r t5.e. *atar 2, 
apP,icd trx tne dCqe”,rat. ma.6 scemrios. 

5.3 
17.6 

4 

13.4 
7.8 9.4 

34 



In conclusion. the degenerate-mass case provides easier jet patterns. essentially 

monojets or bijets non b/b: and a fair amount of EF”. The case rng < mq; on 

the contrary. gives trickier structures. with a large contamination of back-to-back 

signatures and in general less Ey’. The special case where III, << me and i + qq 

provides events with spectacular features in terms of monojet structure balanced b> 

a fair amount of EFSS. 

It is interesting to push a little bit more this study on the jet-pattern of the 

events. \Yhat we have seen so far is that. the definition of the jet-pattern by simply 

counting the number of partons emitted in the considered process is really too much 

naive ! and, part of the time just wrong; Lye have already seen that the same process 

(for instance pp + ,@(g + ~4 and i + q?)) may produce different jet-patterns (see 

Fig. 11. 12 and 13), and not only 3 “jets” events. \Ye have also shown how filters may 

favor specific jet topologies; moreover, a recent studyjl” shows how the jet-pattern 

depends upon the decay product angle and the gluon bremssthralung. IVe are going 

to study here how the kinematics of a process. influences the jet-pattern of the events 

it produces. 

\Ve start with the analytical expression of the matrix elements of the elemen- 

tary process: q, g + gg as it is given at the parton lerel in Isajet Monte-Carlo: and 

in fact directly derived from EHLQ[‘l]. 

- mi)* + (fi - mi)* + 2 mi S 

62 

(i - mp + m; 5 

$ (i - Ini) 
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8aZ 

+ 2 6qq’ rIl;i 8 (6 

- + 

In;)2 Ini 

H 
27 (i-ma)(i -ma) 

+ 3 6qq , 6(fi -mi) 1 
2 kg --t iid = 

9 1 2(i - ma)(fi - m$) 

43 52 

+ Ci - =#(fi - mi) - 2 rni (i + ma) + (i - mi)(c - mi) + mi (; - i) 
(i - mp S (i - mi) 

+(ti-mi)(i-mi) - 2ma(fi-m9 + (fi-mi)(i-I$) + mi({-fi) 

(Ii - mp ;(;-m;) 

mi(S - 4mi) 

+ (i - ma)(ti -ma) 1 
where S, i, and fi are the Mandelstam variables of the elementary process. 

We then parametrize these expressions, within the Monte-Carlo, in function 

of the following variables: 4 (the azimuthal angle), 0 (the angle with respect to 

the beam axis), AR = (64’ + 6$)“’ (which combines ++ and B variables) and pi 

(the transverse momentum of partons). And finally, we study the evolution of these 

elementary processes at each of the various steps defined in the Monte Carlo, to 

generate the complete reaction: pp + gg “realistically”. This sequence is illustrated 

in the following diagram. 
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ils a first stage, we have the hard scattering q, g + &&. We show in Fig. 

19 a and b, the distributions of 60 (&,&) (i.e. the difference in 19 between & and 

&) and 64 (gl,gl) (i.e. the difference in 4 between & and &). We note the exact 

back to back feature of the 64 distribution (this is just conservation of transverve 

momentum). 

The second step followed by the M.C to describe the reaction, is to produce 

by cascade shower, the gluon bremsstrahlung (QCD evolution). Figure 19 a and b 

also shows the distributions 60’(&, & ) and 6@(&, &) where B(=,,, and &,,, are 

the new values of Bi and & obtained from the new d-momentum Pi=,,, of the gluons 

1 and 2 after they have emitted gluons by bremsstrahlung. 

We note that the 64’ distribution is smeared; about 15% of the events have 

64 < 120 degrees so typical no back to back structure. It is interesting to note that 

this QCD evolution affects primarily the transverse plane (compare the change in 64 

distribution to the one in 66’ distribution). 

The last step in the Monte Carlo decays each gluino into final partons which, 

in the example chosen here are g + 4~ and 4 -+ qy. The hadronization occurs also 

at this stage. We then study the corresponding distributions in 0, 4, AR and pi of 

the final decay products, and we try to identify what will be the jet-topologies. In the 

special case we consider here: q, g + & + &4, + r$& + &ql;U t 4&;Y, we expect 

each q (coming from the gluino decay) to be almost collinear to the corresponding 

squark (as we have set rni 2 mq, i.e the degenerate mass case ). 

In Fig. 20 a and b we note that this feature is clearly reproduced by the M.C. 

both in B and 4 for the decay product of each gluino. And also, as expected, the 
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pydistributions of q’s are peaking at very low pi value (with an average at about 4 

Ge\‘) as shown in Fig. 21: whereas most of the pi is carried by the q’s which come 

from ;1 - ¶5(< P? >L 19 Gel-). 7hese are the expected features of the case we are 

considering here. 

If we study the final jet-pattern. we have to consider the AR distributions 

which measure the difference in space-angle between each decay product and the pi- 

distributions of each decay product. The choice of these variables strongly depends 

on the ~vay jets are defined and accordingly on some properties of the detector. In 

the C.11 experiment. the minimum jet threshold is set to 12 Ge\’ and two jets are 

considered as well separated if they have 1R between their axis 2 1. \I’ith these 

definitions, w-e are not able to distinguish 2 jets as produced by the final products 

qq coming from the decay of each gluino (because p; < 12 GeV, most of the time, 

i.e about 97%) although about 50% of the events have LR(q;q) > 1 (Fig. 22). 

Therefore, we consider that the axis of the jet corresponding to each g is the axis 

of the quark final decay product. and we look to AR(q,,q,) and p:“’ to define the 

jet-pattern finally obtained. 

.Lbout 72% of the events pass the requirement on p? > 12 GeV. In addition. 

42% of these events have p? > 12 Ge\’ and p? < 12 GeY, therefore they will be 

considered as “monojets” according to the UAl definitions. IVithin this framework, 

a bijet event will be defined by the set of following conditions: p: > 12 GeV and 

py > 12 GeV and AR(q,,q*) > 1. Therefore we are left with: 0.72x0.58x0.96 - 

40% of “bijet” events (which in fact have 2 2 jets ). The monojet events are defined 

in the two following ways; first, if there is only one parton with p; > 12 GeV and if 
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-1R(q,,qz) < 1. this leads to 0.i2xO.04 - 3% of the events are monojets. Secondly, 

if p$’ > 12 GeV and p? < 12 GeV, the corresponding events are also monojets: 

therefore. we are left with 0.i2xO.42 - 30% of such monojets. In total. we get an 

amount of 33% of the events produced by the process pp + gg (where g + qq and 

;1 + q$ ) \vhich are monojets. 

By comparing with the results listed in the Table 4 for the case of filter 1 (i.e. 

no filter) and rnk 2 mi, = 40 Ge\. we see that roughly we find the same results. 

3.3-4 Limits On Gluino and Squark Ylasses From This Study On CA1 Data 

As a final result of the “uniform approach” that we have used to analyze the 

missing energy data recorded by the UAI experiment from 1983 to 1986, WC ma! 

conclude that there is A’0 EVIDESCE FOR A SUSY-SIGNAL. 

From this result one may try to define limits on the smasses. These limits 

are defined by comparing the expected results from the supersymmetric scenarios we 

have studied with the results obtained b? the LA1 experiment:“!. l\‘e consider the 

sample of da,ta corresponding to the 4 sigma selection. This sample contains 56 events 

of which 53 are monojets and 3 are bijets no back to back. The corresponding total 

contribution of the standard model is 52.2 i 6.9 (stat.) 5 3.6 (syst.). This means 

that the difference between these two numbers gives: 3.8 = 10.5 events. 

If we only consider monojets selected with the 4 g filter we get the following 

limits. If me < mq, the limits are: mi > 30 Ge\’ and mil > 55 GeV (with 95% C.L.) 

or rng > 26 GeV and m, > 50 GeV (with 99.5% C.L.). If me 2 m, (we suppose mi, 

= 0.9 x mi) then the limits are: fi > 53 Ge\’ (95% C.L.) which implies ma > 55.5 

GeV and mq > 51.5 Ge\. or ti > 50 GeV (99.5% C.L.) which implies rnt > 54 Ge\. 
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and mq > 30 GeV. 

Sow. if me consider not only the monojets but also the bijets non back to 

back. these limits may be pushed a lit,tlr bit further and we get for m, < m.+, rng > 

35 Gel. and mi, > 60 Ge\’ (95%, C.L.) or m, > 32 Gel,’ and mi, > 57 Ge\,’ (99.5% 

C.L.). If me 5 m6, wz get rig > 57 Ge\’ (95% C.L.) which implies III, > 60 Ge\’ 

and mi, > 54 Ge\‘ (95% C.L.) or r?~ > 55 Gel’ (99.5%, C.L.) which implies rng > 59 

Gel: and me > 53 GeV (99.5% C.L.). 

Still a problem has to be solved; it concerns the bounds for the low masses 

i.e. r?~ 5 20 Gel,.. \Ve have studied various scenarios namely: ( mp; mq) = (10:30): 

(10:50), (lO:lOO), (20;30), (21;19). The two first scenarios cannot be excluded so 

far, because although they give quite high rates, most of them do not pass the U.Al 

trigger requirements on EtL and EFi,’ and aiso they would need the generation of 

quite a high statistic of events to be definitevely excluded. The same thing happens 

for the case (20;30). The case (1O:lOO) g ives a very high contribution from gluino pair 

production which is totally cancelled by the first level trigger. The other elementar! 

processes gluino squark and squark pair productions give a too small cross-section 

to be significant with the total integrated luminosity recorded by UAl. Therefore so 

far, this case cannot be excluded for lack of statistics. 

Finally the case (21;19), is definitively excluded: as a tremendous excess of 

monojet events should have been seen (3100 f 950 expect,ed monojets with 4 g 

ralidation of ET”’ !) 

For the case (rnk < mq), the “1 0% mass window” (i.e. ti < 20 GeV) still 

remains opened. 
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The results we have presented here are very model-dependent. In particular. 

they depend strongly on the belief that the photino is the LSP. 1Ve also see that even 

within this assumption. the results we obtained are very much dependent on which 

of the gluino or quark is the heavier particle. 

This search for sparticles done with the LA1 data shows how difficult it will 

be to discover these new particles even if they are what we suppose them to be. \Ve 

have suffered from the tack of statistics and some apparatus deficiencies such as the 

bad calorimeter granularity. llee see in the next section how ACOL may improve the 

situation. 

3.1 ACOL and Upgraded UA Detectors: Prospects for the SppS 

The upgrading of the CERX f’p “cornpies” will consist in an improvement 

of the pp collider with XCOL and an improvement of the Ly.Al and L.42 detectors. 

ACOL:“: is expected to provide an increase in luminosity of a factor of about 10 with 

respect to the previous pp run at CERN. at \/; : 630 Gel.. The major upgrade of 

U.,\l:“: consists in rebuilding the central calorimetry to replace the present central 

electromagnetic c&rimeters (the gondolas). In order to get a better granularity (G’s 

have no @- granularity and a rather poor granularity in q); the new calorimeter will 

be made of uranium plates and TRIPi*‘]. The experiment U.A2 has aimed at a full 

1 K coverage of its present granular calorimetry, plus an improvement of its central 

tracking and of the em recognitionFZZ’. Howewr there will still be no magnetic field. 

no p-detector, and the central tracking is rather poor. 

1Ve want to estimate the gain in rate and quality of events which may be 

expected with about 2 10 times more luminosity a,nd a 4 x fine-grained calorimetry-. 
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we will compare to the results obtained by UAI working with the first version of 

the CERS pp collider (i.e.d/, = 630 GeV and a total of integrated luminosity of 713 

nb-I ]. Howevx. we cannot just scale the results obtained by L-.11 by a fa.ctor 2 10 

higher to get the limits with the new “pp configuration” ant CERY: ~r-e must do a more 

careful wxkl trying to estimate also the gain due to the new calorimetry. This will 

be essential since we are studying hadronic processes. therefore strongly dependent 

on a good recognition of jets. Iloreowr, we xi11 hare to apply new filters and new 

jet aigorithmes according to this new structure of the calorimetry; a,s we will see the 

main gain will be a simplification of the overall proceadurr. 

To achieve this work. we have used a simulation which considers a 4 r fine- 

graincd calorimeter segmented in 7 and 4 according to elementary cells of 6~ x S# = 

0.1 x 0.086, which represents a total of 120 x 72 cells a,nd a full covera,ge in q, defined 

by q 5 6. A resolution in e.m. energy of: 

AEiE = 0.15 z 0.01 

a,nd in hadronic energy of: 

AE/E = 0.5 i 0.05 

is defined in this simulation. 

Because of the fine-grained topology of this device, we use a simple cluster 

finder which works as follows: it looks for the highest-ET cell (requiring a minimum 

ET of 1.5 GeX’ in the given towzr) and then searches the nearest, neighbows, picking 

up anything above 500 MeV. It does some searching for valleys to determine if two 

or more clusters are touching. Clusters whose centers have 1R < 1, are merged and 
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called jets. In addition. a minimum ET of 10 GeV is asked to define a jet. 

!Ve have varied the parameters which are used to define the jets [namely 

AR. EFc(dn) , and also the cell size. that we have decreased by a fxtor 4:. \\‘e 

note that the main change is obtained if we increase the value of Et’(m’“‘: this dras- 

tically increases the average number of monojets. Therefore we are quite confident 

of the stability of the results obtained with the set of parameters stated before (i.e. 

AR < 1; E~‘(min) 2 10 GeT,- and the granularity as previously defined). 

\fe have srodied in this upgraded \-ersion at \;5 = 630 Ge\.. a whole set of 

scenarios. If m, < mi, (ix. g --t qq$ and 6 + qg ). we consider mainly the 

following couples of gluino and squark masses: (me; mii) in GeV = (35; EO), (50: 

100): and (70; 161). If m, 2 mq (i.e : g ---t ;i?j and q + q? ), we study the two 

following cases: (mp,m,) in GeV = (84; 80) and (105: 95). J\e have computed for 

ea,ch case. using the estimation of Isajet integrated in a range in PT going from 20 

to 200 Ge\.. the differential cross-srction do/dpT summed over the three elementar! 

__ -- 
processes pp + gg, gq, and ;iq, \Ve iist in Table 5 these cross-sections. as well as the 

expect,ed rates. comparing the case of UA1 (715 nb-1) \vith ACOL (where we have 

assumed 10 pb-1 of integrated luminosity). 

This Table summarizes the gain due t,o the increased luminosity provided b> 

ACOL (about a factor of 15 in total: compared to what UAI has finally recorded). 
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Table 5: Comparison between ACOL ( lO’nb-‘) and UAl (L=715 nb-’ ) 

PTOCXSS 
=eff (mb) Expected rate Zxpected rare 

Cm5 i rn<i at 6 = 630 GeV at ml at ACOL 

( cev/c2 ) (and PT:20-200 GeV/C) (L = 715 nb-'1 (L = 104 nc-1) 

"< cc me* 

(10 i 100) 0.92 x 10% 
(6.4 x 1o-6) 

690 9200 

(50 : 250) 0.31 x 3.0 
-10 

(2.1 x lo-12l 

% < % 

(35 i 80) 3.6 x 10 -6 2600 36000 

(50 ; 100) 4.4 x 10 -7 
310 4400 

(70 i 161) 4.6 X 10 -6 33 460 

(95 i 218) 4.2 x 10 -9 3 42 

% 2 “< 

(84 ; SC) 4.1 x 10 -6 30 470 

(105 i 95) 9.6 x 10 -9 7 100 

(157.5;142.5) 1.7 x 1o-1o 2 

*'me only process considered in the case where m< << me is pp -t z with 

a pT range of 5 - 100 GeV/c. In this case the numbers quoted in 

parenthesis include the branching ratios of the decay q + E. For the 

other cross-sections we have quoted the total Cross-section i.e. the 

sum of the three elementary contributions pp + G z and z with a range 

Of PT from 20 to 200 Gev/c. 
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Sow> to evaluate the limits on smasses accessible at ACOL. we must develop a 

new way of analyzing and filtering the data in such a new calorimeter. The approach 

developed in U.11 \c’as strongly influenced by the special features of this detector. we 

must now change it. IVe adopt a strategy to recognize the jet pattern of an event 

\vhich is defined by the granularity in (7, 4). Th is approach will be applied also to 

the case of detectors such as CDF (which is also a 4 x fine-grained calorimetry. see 

next section) and. a fortiori. the detectors that we will consider for super pp colliders. 

(see last section). It is based mainly on the definition of two parameters which rely oh 

a better estimation of the spatial localiza,tion in (7% q) of the clusters (thanks to the 

better granularity of the detection in this plane). These txvo para,meter~i’~!, called XE. 

and x0.u‘ measure the projections of the total missing transverse energy vector onto 

the sphericity axis of the event or the axis of the highest-E? (both give pretty much 

the same result) and onto the axis perpendicular to it: 

E 
XE = z e; , X”“, = &y F;? 

T T 

t?, and & being the unit vectors of the main axis and the axis perpendicular to it. 

respectively. 

Thanks to these new parameters, we show how we may overcome the back- 

ground and extract possibly SUSY signals in the mass range defined by Table 5. 

As shown by the UAl experiment @I, the backgrounds to the new processes 

we will search for. are mainly due to the standard QCD jets and to the processes: 

w + TV, (where the T decays into the hadronic decay mode) and 2” -t VU. \Ve 

have made a careful study of these various backgrounds. and in particular of the 
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main characteristics of the events they produce. We compare them with those SUSY 

processes that we consider here, and give the corresponding results in Table 6. 

c XE > 

3.10 

0.13 

0.14 

0.25 

0.2‘ 

0.32 

0.10 

0.023 

0.02 

0.25 
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0.‘9, 

c xo”t’ 

0.014 

c.396 

0.1c.l 

2.2 

5.13 
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0.12 
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Now we will evaluate the limits on the masses of gluino and squark which 

could be detectable at ACOL with a total integrated luminosity of 10 pb-‘. We 

define these limits of detectability in function of the signal to the background ratio 

(S/B), the statistical significance (S/fi) and the total number of events which remain 

after the filtering proceadure is applied. We will propose a way to overcome the 

huge background in order to get a statistically significant signal. However the final 

extraction of the signal will imply a refined and very sophisticated analysis which will 

not be done here, because it depends very much on the details of the apparatus and 

the detailed properties of the signal. 

Let us set-up a trigger strategy to obtain reasonable limits on the detectability 

of the various cases we are looking for. For each background we consider the various 

contributions according to the value of Pp (minimum value of the transverse mo- 

mentum of the primary partons) .In the case of the QCD background, we take as low 

PT contribution the one defined by a P!$” value of 20 GeV. 

It is interesting to see the evolution of this background in the E?$” distribu- 

tion when varying Pp. We summarize in the Table 7 some characteristics of this 

background and their evolution when increasing Pp. 

Table 7: Evolution of the average value of some of the main characteristics of 

the QCD background in function of Pp at ACOL 

hrammerer 
wpe 

din Inal 
<Em1ss > (ON) 

/7 

T 
ul’=> 

Tax <Em > coev, 
<g? coevj 

:,, > 20 Ge” PF > 30 Ge” 

2.48 x 10 -2 0.6 x LO -3 

3.1 3.5 

r 

2.3 2.5 

25 35.5 

18.3 23.7 

47 

:,, > 40 Ge” Pp, > 50 Gel 

3.11 x Lc-j 0.26 x 10 -4 

T 

3.9 4.3 

2.7 2.8 

46 56 

28.6 32.e 



Figure (23) shows t,he evolution of the Ep” spectrum when Pp” I-aries from 

20 to 50 Ge\.. 

These results show box disturbing is the high P-I tail of the QCD process 

when looking for these Susy-signals. The lower PT QCD contribution will indeed also 

perturb our search in particular \vhen looking for the production of sparticles with 

relatively low masses. \Ve therefore have to accurately evaluate this background. 

To study the low PT contribution. high statistics are needed beca.use there 

are very few such QCD events which pass our cuts but their rate is so tremendously 

high compared to the signal. \Ve have generated lo5 events according to the process 

PP - q,g (all light constituents included) at ,,A = 630 Ge\. and requiring in addition 

that Pjq’g) > 20 Ge\!. By simply applying a cut of 20 Gel. on Er;“’ we notice (see 

Table 8b) that we decrease this background by almost 5 orders of magnitude. Such 

a. strong effect is not obtained on the high PT tail. By generating a few times lo4 

events according to the process pp + q,g with P iqjg) > 50 Ge\‘, and. applying a cut 

on EF’” of 20 Gel-. we are still left with 0.4 x lo-’ mb which means only 3 orders 

of magnitude less. This is not enough to extract higher mass Susy signals which are 

mainly hidden by this background. Therefore more subtle cuts must be found. 

Instead of cutting directly on Ep”, we use XE and x,,.~ variables and find an 

optimized result with a combined cut on XE and x0”, (see Table 8b). By dema,nding 

XE > 0.16 and xout > 0.06. xe succeed to decrease by 4 orders of magnitude the 

high PT tail contribution of the QCD background. 
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Table 8: Effects of the “trigger strategy” defined at ACOL to extract Susy 

signals on a) the considered Susy processes, b) the standard backgrounds. 

Pl-OCeSS 
(rnG ; xl,, 

in .Gev/c2 

(35 ; 60) 3.3 x10 
-6 

153 ;:001 0.4 x1o-6 

(64 ; 60) 0.47xiO 
-7 

(73 ;151) 0.43x10 
-7 

(iC5: $5) 0.63X10 
-6 

Cuts on E 
miss 
T 

1 (lo; 1oo)b) 

miss 
r 

>20 Gel' 

9.4 x10 
-7 

2.0 x10 
-7 

c.36x1o-7 

0.29x10 
-7 

0.05,:10 
-7 

1 
I L 

(X,,X ) Out 

4.4 x10 
-7 

0.6 x10 
-7 

0.18 x10 
-7 

O.iO X10 
-7 

0.023x10 
-7 

0.35x10- 

4.0 x10 
-7 

1.4 x10-! 

0.33x10 
-7 

C.27XlO 
-7 

o.a5x10 
-7 

0.4x10-7 

max 
ET 

>40 Ge: cc.:Uned cu= 

-:.2x . 
=- ,A 2Jout 1 

: . lOXlO 
-7 

S.15XlO 
-? 

t.07x10-7 

0.21110’ 
Table 8a - Effects of cuts on the SUSY signal at ACOL’) 

a) The cut quoted as (XE , x.,,) corresponds to the requirement: XE > $16 , xout > 

0.06 The combined cut refers to the same conditions on XE , x,., plus an 

additional cut on E?+“. required to be larger than 40 GeV. 

b, The last row includes on11 the process gi where the squark decays into q? ( BR 

PZ 7% included in the quoted cross-section). 
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Table 8b: Effects on the “trigger strategy” defined at ACOL to extract Susy 

signals on b) the standard backgrounds. 

lackqround 
u-,d P 

T 
range 

of the 
pPXe5S 
in GeV/c 

miss mw 
cuts on ET ET 

>40 GeV combined cut 

Emiss 
T >20 GeV (XE.Xout) (E;ax,XEJout) 

QCD 

P'Y L 20 
T 

0.47x10 -2 1.5 x10 -1 1.7 x10 -7 60.0 x10 -6 - 

p jet, - -jo 0.57x10 
-3 -7 -7 -4 

1.2X10 1.2 x10 0.95x10 
T 

pT jet 2 50 o.26x1o-4 0.4 x10 
-1 -7 -7 

0.026X10 24.0 x10+ 0.026X10 

w + TV 
T 

W 
t 10 

-7 -7 -1 

pT 
0.51x10 

-7 
0.27~10 0.15 x10 0.059XiO o.o33x1o-5 

pY 2 20 0.15x10 -7 0.097x10 -7 -7 -7 
0.065~10 0.03x10 

z 
pT 2 10 0.43x10 

-7 -7 -7 -7 -1 
0.12 x10 0.13 x10 0.016~10 0.0084x10 

z 
pT 2 20 0.13x10 

-7 -7 -7 -7 
0.076~10 0.054x10 0.016~10 

TOTAL 0.47x10 -2 2.45 x10 2.1 x10 84.0 x10+ 0.067 x1o-7 -7 -7 

TABLE Bb - Effects of c"ts on the backqround at the ACOL = 

* The cut quoted as (X,, XOUt ) correspond to the reqUirement : 

XE 2 0.16 and XOUt 2 0.06. The combined cut refers to the condition 

E:- > 40 GeV and XE > 0.16 and XoUt 2 0.06. 
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Sow we have seen in Section 2 and ‘Table 6.that the decay of \I’ into TV/, or 

Z” into YV are characterized by a large amount of EFss. Therefore, one has to define 

another cut to get rid of them. By applying a cut on the E, of t,he stiffest jet in the 

event (Ep”“) of 40 Gel,.: we succeed (see Table 8b) to sufficiently overcome these two 

backgrounds which essentially affect the search of high mass sparticles. 

\Ve may now define a trigger strategy which could be used to extract the 

signals. This trigger strategy will be different for different smass range. 

At ACOL the ‘ilow mass range” includes the signals defined by (mg: m+)= (35: 

80) and (50; 100). For these signals the main ba.ckground is due to QCD jets with 

PF” = 20 GeX‘; The processes IV + rv, or Z” + VU (with Piw”) 1 10 GeV) are 

at least one order of ma,gnitude tower. Therefore: a simple cut on I??‘. is sufficient 

enough to get S/B 2 1 and enough events remain to perform a more sophisticated 

analysis. 

The high mass range includes the cases where (mi; q) = (84180). (iO:161). 

(105:95). They are more sensitive to the high Pr contribution of the QCD background 

as well as the \V and Z” backgrounds. This is due t,o the fact that the corresponding 

cross-sections are at least one order of magnitude lower than the low smass signal. 

Therefore. the Ey” cut is not good enough to reduce the standard background. BJ 

combining the cuts on the parameters xE, x,,,, and E;“““; a good rejection factor is 

obtained. The effects of these cuts on both the signals and the backgrounds are listed 

in details in Table 8 a and b. Let us summarize them. 

The total background contribution after a cut on Ep” of 20 Ge\l is applied, 

is : B’“” = 2.4 x lo-’ mb; after a combined cut on XE, x0”, and E;““’ is applied. tot 
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this total background contribution reduces to Bzh = 0.06 x 10-s mb. Therefore we 

obtain the following values for S/B, S/v% and th e number of remaining Susy events 

Table 9:Main results from the trigger strategy defined for ACOL 

Trocess 
cm: ; rnz) S/B s/G- Number of remainhq 

(in Gei) 
(* Of O'S) 

events for L = 10 ps 
-1 

(35 ; 50) 3.8 190 9400 
(50 ; LOO) 0.6 40 2300 

(84 ; ES) 2.5 19 150 
(70 ; El) 1.1 9 70 

,_ (10; 100)“) 3-5 250 210 

* In this case only the process EG is considered. 

This means that the detection of these signals (including also the case (1O;lOO)) 

should be achievable with ACOL and lOpb-’ of integrated luminosity. But the case 

(105;95) seems, within these conditions, totally hopeless. 

This allows to push further the limits obtained presently at CERN; they are 

indicated in Fig (28). 

A very important result is the one obtained by considering the case of a very 

light gluino (ma; ma)= (10; 100). We have demonstrated that, in the case of ACOL 

with 10 pb-’ and a fine-grained calorimeter, there is a very good chance to identify 

this possibility by considering the process pi, + Gg where 6 + q?. There will be 

sufficient events after the combined cuts on XE, x0,, and ErU ( about 210 events). 

Moreover, these events will present a striking signature as they will be (see the analysis 

presented above on current UAl data) dominated by monojets with Et of the jet larger 

than 40 GeV and bijets non-back-to-back. 

The theoretical importance of such a scenario makes it worthwhile to have a 

good detector running at ACOL with sufficient luminosity to make the test. This low 
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mass window is very difficult to explore with higher center-of-mass energy machines 

such as the ‘Ievatron. It therefore provides a unique chance for ACOL to make a 

fundamental discovery. 

4. Supersymmetry with a 2 TeV c.m. Energy I,p Collider, 

Main prospects 

The Tevatron has started to successfully run at 1.8 Tel’ c.m. mergy and ahout 

1029cm~2s-’ peaked luminosity, beginning of 198i. with the CDF starting to take 

data. .A total of 35nh-’ have been recorded on tapes It shows nice features of its 

good functioning: Detection of \I”s: Z”s and high P, jets. The next run will take 

place during most of the year 1988 and the CDF detector is expected to record of the 

order of 1 ph-’ data on tape. Around 1992. an upgrade in luminosity is foreseen. A 

nominal value of 5 x 1031 cm-’ SK’ should he feasible. 

Therefore the Teratron sta,nds in a key position between the relatively low 

mass range accessible at the Ccrn pp collider (O(mw)) and the higher mass range 

accessible at super pp colliders ( O(I Tel.)). ‘Th e main question is to see how this 

machine will link these two regions and also overlap sufficientig well with each of 

them. The first issue is the competition starting right now between ACOL and the 

Tevatron. 

4.1 Cross-sections and rates at Tevatron compared to ACOL 

Both machines mill run in 1988: ACOL a,t 630 Gel c.m. energy and a foreseen 

integrated luminosity of 10 pb-‘; and the Tevatron at about 3 times more c.m energy 

and 10 times less integrated luminosity. 
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In the next Table. we gire a, comparison of the cross-sections in mharns between 

ACOL and the Tevatron for the processes we have studied in both machines. 

For smasses of the order of 40 Gel’. the ratio of the total cross-section at 

ACOL versus the total cross-section at the Tevatron: u(,ACOL)/‘~(Tevatron) is of 

the order of a fex percent (3%$). F or smashes around of the order of 100 Gel-. 

u(ACOL)/‘u(Tevatron) is of the order of 0.5%. For the light gluino case the discrep- 

anq between XCOL and Tentron is even larger; for the case (50:250), cr(;\COL)/a(Tevatron 

2.6~10~~ Tbereforr incrrasing the c.m. energy by a factor of 3 gives a very substan- 

low tial gain in cross section. It is of the order of (E,,, / ‘Erk!)4 in average. .A fwtor 10 

in luminosity cannot recover such a discrepancy. 
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Table 10: Comparison of Cross-Sections (in mb) between ACOL and Tevatron 

a(ACOL) o(+evatron) (mr ; 4 GeV 
a(ACOL) 

o(Tevatron) 

0.45 x 10 -4 0.7 10 -3 x (25 : 50) 0.064 

3.6 x 10 -6 1.2 10 -4 x (35 ; 80) 0.03 

0.44 x 10 -6 0.27 -4 x 10 (50 ; 100) G.014 

4.6 x 10 -6 0.5 x lo-' (70 ; 161) O.Oi 

4.2 I( 10 
-9 

6.8 
-7 

x 10 (95 ; 218) 0.005 

7.5 10 -5 - x (140 ; 322) - 

C.6 x 10 -5 0.23 x 10-3 (42 ; 40) 0.026 

0.5 x lo-7 0.5 x lo+ (84 ; 80) 0.01 

0.98 x 10 -8 1.5 x 10 -6 (105 ; 95) 0.0065 

0.17 x 10 -5 1.5 -7 x 10 (157.5 ; 142.5) t.OO1 

1.e 10 -8 - x (210 ; 190) - 

0.27 x lo6 0.1 x lo-4 (10 ; 100) 0.027 (*) 

0.26 x lo+' 0.1 x 10 -6 (SO : 250) 2.6 x 10-4(.) 

In a comparison of the limits in detectability of such signals for both machines, 

capability of the detector to measure and identify these signals is very important. 

Moreover the signal to background ratio also is an important factor. From the results 

quoted in Table (1) in Section 2, we may derive that S/B is about the same in both 

machines. For instance, it is of the order of 5% when considering the background due 
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to QCD jets and applying a cut on the Pt of these jets equivalent to the smass we 

are looking for. 

In Subsection 4.4, we compare the limits of detectability of Susy processes at 

the Tevatron with the ones accessible at ACOL and the super pp colliders. Before 

doing so, let’s describe the main features of the CDF detector and of some types of 

Susy events as simulated in this detector. 

4.2 The CDF Detector 

The Collider Detector at Fermilab is a fine-grained 4~ calorimetry with elec- 

tromagnetic calorimetry followed by hadronic calorimetry behind it. Typical energy 

resolutions are (0.15 or 0.25)/ v% for th e e.m. calorimetry and, (0.65 to l.O)/ fi for 

the hadronic calorimetry. The calorimetry projective tower granularity is typically 

4~ = 0.1 , ~~ = 5’ forward, 15” cential. The central detector contains a 15 kGauss 

solenoidal magnetic field filled with tracking chambers for momentum analysis. In 

addition, there is muon detection over a limited solid angle. See Reference [23] for 

more details. 

During CDF’s first extended data-taking run (March-May 1987), approxi- 

mately 35 nb-’ of data was accumulated on tape. Because of the very limited statistics 

from this run, and because the data is still in the process of being analyzed; we will 

discuss here predictions from a simulation of the detector performance. 

For this study a detailed simulation of the detector, including cracks, dead 

areas, finite calorimetry thickness and calorimetry non-linearity was used[241. CDF 

has a very sophisticated level l/level 2 trigger, capable of triggering on clusters of 

energy, missing ET, leptons, and various combinations of the above. During normal 
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data-taking, the threshold for the missing ET trigger is expected to be approximatel! 

20 Ge\v,23’. For the following analysis. thresholds of approximately 50 Ge\. ET missing 

was chosen for offline filtering to insure the removal of trigger threshold effects. 

4.3 Sus~ Events in the CDF Detector 

A set of Susy scenarios have been carefully simulated in the CDF detector. For 

the case m, < mq. the following series of values for (m, ; mu) have been considered: 

(2550). (5O;lOO). For the case mg << mq, the example with (50:250) has been stud! 

in details. Finally if rni 1 mql we have looked at the following set of values: (42;40) 

and (84~80). These examples have been fully simulated. analyzed and scanned using 

the different off-line facilities of the CDF experiment. 

Some displays of these events are shown in Figures 24 and 25. Figure 24 show 

various display of an event generated according to the process pp + ES where rnb = 

100 GeV and m, = 200 Ge\-. The gluino decays into qqj and the squark decays into 

qg. This event is then fully simulated in the CDF detector. Figure 24a show the 

LEG0 plot vie~v as provided by the fine grained calorimetry of the detector (the e.m 

contribution is clearly distinguished from the hadronic contibution. in each tower). 

There are four clusters in this event (as the fifth one has an ET smaller than 10 GeV. 

The trigger cluster has an ET = i9.4 Gel’ and the three others have ET = 25.4. 23.2 

and 20.4 GeV. A total missing transrerse energy of 37.8 Gel- is measured in this event 

which is a nice multijet. Figure 24b show the same event but as viewed by the central 

tracking (CTC chambers;‘31) again a multijet topology is seen in this detector with 

a precise reproduction of the charged part of the corresponding clusters. III Figure 

25 is shown an event generated following the process pp + pi in the degenerate 
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mass case with me = 105 GeV and mG= 100 Ge\.; the gluino decay into @ and the 

squark decays into qy, After full simulation in the CDF detector the display package 

reproduces in Figure 25 a. the LEG0 plot view of the event and in Figure 25 b. the 

charged part of the events as seen in the central trackingA bijet no bib structure 

appears in this case. uith two clusters \vith an E,T above 10 GeV (namely 70.5 and 

18.i Gel-) and an Ev of i4.8 GeV back to the resultant of these two clusters. 

‘To analyze the data we study their jet structure. To define a jet in the CDF 

detector. we have used a simple clustering algorithm which makes use of the fined- 

grained calorimetry. It is similar to the one described for XCOL. A cut of 10 Ge\- is 

applied as minimum E, value to define a jet.The aperture in 1R used to define the 

jet is of 0.7. Csing this algorithm, we studied the jet pattern provided by some Susy 

scenarios and compared them with those produced by the standard backgrounds. The 

results are summarized in Table 11 a and b. In CDF the “no back to ba.ck” actirit! 

is defined by the requirement that there is less than 5 GeV ET in the I 30 degrees o 

region opposite to the considered cluster; an event is classified as a monojet if it has 

only one cluster with Ed”““) 2 10.0 GeV and with ,q, < 2.0 and no activit! back 

in I$ to this cluster. Likewise a bijet event is defined as an event with 2 clusters both 

mith E(“~““) 
T > 10 Ge\- and the 4’s of the clusters less than 150” apart. 

The main remarks about the numbers quoted in Table 11 a and b are that 

if mg < me, the multijet structure (i.e. njet 2 3 jets) is favoured and the jet 

multiplicity increases when the smass increases. On the other hand. the case with 

rni > me favors relatively low jet mult,iplicity: na,mely monojets and bijets non back 

t,o back. At relatively low unasses (i.e. of the order of 40 Ge\.), monojets and bijets 
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are of about the same amount (of the order of 20% each). iVhen srnass increases say 

ap to SO Gel.. the bijet signature becomes predominant ( about 40%) while monojets 

and trijets are of the same order of magnitude (i.e. about 10%). 

Table 11: Jet Pattern as given bp Susy Signal (a) and Standard Background 

(b) in the CDF detector 

Table ila 

Jet Tatterr. cc susy ever.:s ;2 t.Lie C3? dfteCTCr. 

PTOCeS5 j Percenzage Of e"ent.5 with a g:ven ,et C2?ClCgy : 

% ; mGr 
Mono]et/Nono]et Sijet Sijet 3 jets1 4 jets12 5 jers 

(all) no b/b b/b no b/b I I 
I 
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Table 11 bj Jet pattern of the standard background in the CDF Detector 

Trocess : 
Percentage ai events with a given Jet pattern 

py c;t in Gev) Mono]ets bmo~ets Bijets Biters 3 ;ets 4 jets 25 jets 
(all1 ( no b/k 1 b/b /no'b/b/ 1 

Ll * 7 L' 
7 

Pli < 25 46 23 0.5 1 c.: - 
'I 

TX 
T 

> 23 44 14.5 

> 5c 2s F i2 26 13 < 0.5 

20 - vr 

0 
P-2 < 20 - - - - 

> ic 67.7 2c 1 5 - - 

-2 
P* > 59 4 

T 
63 25 

Q= 

> 20 20 45.5 e.5 7.5 < 1 < c.: 

pl!et > 50 4.6 7 40 10.5 j.6 

p let > 80 
T 

32.5 - 37.5 19 '1 

?T 
I-. 

> 120 26 - 33 ii 14 
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.is rxpecled. !:igher rates of multijets are obtained at the Trvatron rners!. 

compared 10 the case at ,,; = ii30 C;e\. This means. that from the point of view of 

I he jr1 topology. (?(~‘D events iriii mimic Susy C\-ents as ihey produce mainly muitijeis. 

11”s and Z”‘E vitt stilt provide mainly monojeli and bijus non back to hack.1: is also 

important to nore the targe number of QCD rvenrs with are bijets hack lo back, 

3Iissing ET QCD rvrnts can be generated either through the intrinsic pilysics oi rtre 

ewnt ihravy quark decays ivith a pilysicai vi or due IO drrecror performance. Some 

supprrssion of hravy quark decay hackerounds can br achirvrd throuzh vc,o of I’VPIIIS 

with an identified lrpton. Lary dctec~ors atways haw cracks and .proili?rn re$ons. 

and CDF ix no exception. Examples inciude the CJ cracks rvery ljO ir the crntrat 

region. and the in~criace region between central and intermediate calorimetry. Fair]! 

rfficirn~ fiduciai cuts can be made. vcroing events where clusters fall iI, thaw rrgious. 

In the study btato\r-. zuch cuts were not made. Imposition of these gromrtric CUIS grill 

not change tt:c results. since QCD background is not very large due to ariatysis cuts. 

Ctlarac~rrislic E”“’ and Ihe El;‘-‘r’eKcr sp ectra given by rach type of iignai and 

backyourld ewnrs arc- sbon-n in Flyre 26 a and b 

.A \,-r-ay IQ owrcome the huge background xiii therefore he 10 apply CUIS on 

some of rhe main features KR described just now. Direct cuts on E’f”” or on the 

jet topologies will be studied as ~retl as on projected values of ET”. \Vr witi define 

various ways to analyze these events in the next subsecrion. 

4.4 Limits of Detectability of Susy Events \\‘irh CDF D~ector at the Tr\-atron. 

\Iain Prospects For rhe Sexr Run 

TKO sets of dereclabiliry limits of stnasses \vill be addressed in this paper for 
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what concerns the Tevatron. The first set of limits are estimated in the case of a 

total integrated luminositp of 1 pb-‘. The second set corresponds to the case of an 

upgraded machine and therefore 1000 times more luminosity. In this last case. the 

goal is to see how well Tevatron could “overlap” with the super pp colliders. This is 

discussed in Section 5. \Ve discuss now various ways to obtain the limits for the low 

luminosity case. 

P:ojected Et Analysis 

Recalling the XE discussion earlier. we define an analogous variable. PET. par- 

aliel projected ET along the o of the maximum cluster axis. The prescription fox 

determining PET is shown in the following schema: 

\ , 
II ~ ,\eJec 
! \PJfl 
‘, 
: 
‘i /---c 

- $ OC m”*,3m 

/ ‘\,, 
4 
I! L 

- ;, \lec@ 

& 
?O‘Flel 

I. Vaximum ET cluster is found. &,, is the C$ coordinate of this cluster.’ 
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2. All towers are looped over, projecting the ET vector of the towers onto the q 

of the cluster. The tower ET vector has magnitude of the ET deposited. in 

the tower. and b of the @ of the tower center. The vector and scalar sums are 

formed. 

3. PET is the ratio of the vector sum to the scalar sum. 

PET = 
1; El-; . m, 

si fn. &, 

with i summing over all towers. 

p& sorts events according to their “mono-jetiness”. ?-jet events wirh some 

missing ET (smail compared to the jet ET) will populate the region of PET near 

0. Ivery monojet-like events will populate the region of PET near 1.0. Intermediate 

topology events (i.e. 2.JET no b/b) will populate the intermediate region. 

I\.\ 
PROJECTED E! DISTRIBUTICN 

-Y 
PROJECTED E! DISTRIBUTICN 

\ ’ ‘\ F/ F/ \. 
QCD QCD Mono-Jets Mono-Jets 

21 21 ‘\ \ 

;I ;I \ \ 
\ \ Multi- Jet NETB Multi- Jet NETB 

# # \ \ 
‘\ / ‘\ / 

_*---_ _*---_ -. -. 
*\ *\ 

‘. ‘. 

/’ /’ 
/\ /\ 

/ / 
‘. ‘. 

‘\ ‘\ . . 

0. 0. 

PEt PEt 
As an aside. we note that there are other choices of the axis to project ET 

vectors on as well as the 0 of the highest ET ciuster. For example. Z-dimensional 

thrust or sphericity are natural choices. The case of Z-dimensional thrust has been 

.o 
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studied. and found to yield similar results as Kill be presented for the choice of 

maximum ET cluster. 

Figure 27 a and b show PET distributions for the background! and for 2 cases 

of signai: pp - ;19 with (mi, ; ms) = (100,SO) and (250.50) GeV for events with more 

than 50 GeV missing ET. For the case of (100.50) Gel’ masses. the signal is clearly 

visible above the background. and has a totally different shape from QCD. The case 

of (2jO.50) GeV masses is probably not detectable. due to the relatively low rate. and 

the simiiarity of shape between it and the QCD background. 

In our analysis of CDF ~ different sets of conditions have been considered and 

compared. They are the following 3 sets: 

1. Missing ET > 50 GeV and PET > 0.45 to suppress the QCD 2.jet topology 

2. Only two jets in the event (according to the CDF definirion of jets) and Missing 

ET > 50 GeI.. 

3. Only one jet in the event (according to the CDF definition of jets) and Missing 

ET > 50 GeV. 

The effect of these various filters on the standard background is summarized 

in Table 12 
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Table 12: Effect of various filters on the Standard Background at CDF 

cross-sectrcns lir. ns) after requrir.y 

3ack;r:'Y.z J.155 c.: "5 iz >50 GB'i / 3i:eZ 20 D/>*E~“‘>jOGeV W2noiet*E~iss>50GeV 
f f 

-36 -35 -6 g3 5 .Y 1c 5 x 13 j y, 13-2 

T j -rr: 

3.: ); y36 --ii i,,: _ ~~' L.3 )( y -- 5 x 1c -- 

-36 -2c z"+ r; , 3 X iC 5 x 12 ; x li -- 

( -3' -35 !_ -3s 
,.cril:3---; r.7 x 1c 5.2 x 1: x 1'2 1.4 -"- 
1 

The effect of these three filters on the Susy signals that we considered here 

are summarized in Tables 13 a. b and c (respectively corresponding to conditions 1, 

2 anti 3) 

PrOCeSS Acceptance S./m Number of 

(mG;m$) (a) (in f of b's remau-mg events 

(in GeV) ( in", ) (per 1a36cm-2/year) 

(55;50) 7.3x1o-32 1.5 44.4 231 1200 a 
(105;100) 1.9x1o-33 19 13.7 71 370 

(152;150) 1.6~10-~~ 34 1.8 9.5 50 

(50;60) 6.6x1o-32 0.3 8.1 42.3 220 

(50;100) 3.8x1o-32 0.5 7.4 36.5 200 

(100;110) 1.9x10-33 11 7.4 38.5 200 

(100;150) 9.5x1o-34 9 3 15.4 80 

(100;200) 7.3x1o-34 8 2.2 11.7 61 

(150;160) 1.6~10-3~ 21 1.1 5.6 30 

(150;250) 4.9x1O-35 31 - 1.5 

(200;210) 2 x1o-35 7 - 1.5 
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Table 13: Effect of various filters on Susy signals at CDF 

PrOC 

mG;m;i) 
in GeV) 

(S5;50) 

105;loO) 

iS2;lSO) 

(50;60) 

(50;100) 

100:1i0) 

103;15c) 

100:200) 

15Oi160) 

150;250) 

200:210) 

:e, 
I 

55 

(inumb) 

7.3x1O-32 

1.9x1o-33 

1.6X10 -34 

5.6XlC 
-32 

3.EXlO 
-32 

1.5x10 
-23 

3.5x1o-34 

7.3x10 
-34 

1.6xlo-34 

4.9x10 -35 

2 x10 
-35 

0.6 

13 

21 

0.4 

0.3 

8 

2.3 

6 

14 

4 

16 

PrOCeSS 

mijim?) 
in GeV) 

Acceptance 

(55;50) 7.3x1o-32 

105:100) 1.9x10-33 1::: 

(152;150) 1.6~10--~~ 1.4 

(50;60) 6.6~10-~~ 

(5o;loo) 3.8x1O-32 

(100;110) 1.9x10-33 

(100;150) 9.5x1o-34 

(lco;2cc) 7.3x1o-34 

(150;160) 1.6~10~~~ 

(150;250) 4.9x1O-35 

(200:210) 2 x10-35 

0.06 

0.3 

0.1 

0.03 

: 5 

0.75 

- 

S/B 

7.3 

4.4 

0.6 
- 

5 

2 

2.5 

0.4 

0.0 

0.4 

s/e 

IO 

1.4 

- 

0.4 

0.4 

( 

- 

i 
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S/@ 
in # of 0's) 

Number Cf 
remalnlng events 

per 1036cm-2/year) 

56 430 

34 260 

4.4 34 

39 

15.5 

19.5 

2.9 

6 

3 

300 

120 

150 

22 

46 

23 

2.1 

3.2 

s l"F 

in # of 0'5) 

112 

5.3 

Number of 
remaining events 

per 10 
36 

cm -2/year I 

420 

20 

2.2 

1.6 

1.6 

6 

5.5 

1 

b 

C 



l\‘e may make rhe foliowing remarks. First we haw imposed a ralher tight cut 

on the Ey”” in all rhe three fitters. This is due to the fact that in the competition 

started IION i:-ith ACOL. ~~bviou,ty the aim of the Tel-alron is IO discover smasws 

around rhe ITI!\-. The second remark is that obviously the condition of monojrriness 

is even mow restrictive that srhat we already got for I-.41 case. Imposing such a 

condition to search i,~r Susy may lead 10 miss almost complrtel~ the signal in man! 

Susy scenarios. F;om ihe IWO other conditions. the pEr requirement serms again IO 

b? the most ~uccrsiiul uric. 

.As a Sinai :csuit. a discos-rry window created by usirlg thy 11um11~rs nf Tabtrs 

12 and 13 is shown in Figure 25 for the Tuatron running with a total integrated 

luminosit!- of 1 pb-‘. data on :ape. It seems that provided this total integrated 

luminosity is xcorded by the CDF detector for the next run and that r\.erythin~ goes 

wetI. if will be succrssfull~ comprtins with .ACOL and 1v.A2 prime and reach limits 

in rhr 150.170 Gr\ Tass ran%?. lin ~:0nificarltlv higher than Itir (‘.A experiments. 

Tile lu\re:l smass tl;at CDF is likely IO be sensitiv? to is betx>:rel~ IO and 15 

Gc\.. 5ilmewilal larger lharl tilr mass L-.X; is srnsitire IO. This is a ~r;ger :llresiiotd 

problrm: CDF mu51 run wirh hisher E, thresholds rhan V.\I simply due to the 

increased center-of-mass energy. 

5.“Overlap” between the Tevatron and the Super pp Colliders 

If the Tevarron is upgraded towards 1992 “’ to gain a factor of 50 in iuminosity. 

it means that \vithin 2 yrars of functioning it xilt be possible to wach I fb-‘. cntil 

then by running at 10” cm -‘:-I peaked luminosity a few iens of pb-’ :ritl tx recorded 

in CDF and D (I dcrrctors ‘a. Tl~erefore xhe different cases wirh smassec around the 
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rnlv znould be veii explored b!- that time. 

The next ;oai is to determine whar arr the improwmen~s ~II the limits of 

de!eclabili~y oi imass~s \i.hen getring much higher rates. III parrituiar il is ver! 

interesting to undrrziand ~vhat could be Ihe owrlap between rhe upper !imits from 

the Tcvatron and III? iowr iimirs of the super pp colliders:27 in rhe region oi smass 

around fe\v hundrrd Ge\.. 

.5.1 (‘nmparison Bciwrm the l?a!rs at an l-ugradrtf Tentron and l!lr SSC 

11-e first rrier I he readrr to the CUTWS of cross-SCC~~OIIZ for racil ~cr~~ariu a11d 

rach machine ai piorlrd in Fi,gures 13.4 and 5. It is quite striking that passing from 

? Te\~ :o 411 -Iv\. :]I the c.m. rnrrgy proTides se\eral urder of magnitude iircrrasr 

in thr sus,v crosi->cclion5. Let’s assume that for the first yrar ~hr SSC ivill run 

with iP cm ~~2 i:lrcgrated luminosity (i.e. the same tha: the upgraded VCTS~OII of IIIC~ 

Teva~ren!. In Table 1: arc iislrd the rates of events provided b: each rnachinr f,>r 

the Susy 5cmaiio~ \viiich ascumr imasse~ ~car~-in: from ill0 IO 300 C;(%\.. 



Table 14:Comparison between the rates expecred from various Susy signals at 

an upgraded Tevatron and SSC (assuming a total integrated luminosity of 1 fb-’ for 

both machines I 

P3Xess Rates at t?.e TWdT,'5:. 
Cm3 ; 17-j 

Rates at t?,e SC 
q' 

(in GeV) (XXnber 2f events/103g;n-2) (nurser cf even~s/~?3s;z-2) 

i?o;161) 5 x 10 6 1 x 2 

(CR.,.C) -d,L-- E.5 x 105 5 x 109 

(140:322) 7.5 x lo4 1.5 x :-S -- 

(2X:463) 3.5 x lo3 2.3 x x7 

(105;05) 1.5 x 106 4 x 105 

(157.5;142.5) 1.5 5 x 10 1.2 x I2 

(210:lao) 1.8 x lC4 4.5 x x7 

(?E;ze5) 7 x x2 1 
7 

x 1c 

(50;'53) 1.5 x 105 6 x 1r s 

(100;5c~) 6 x x2 5 x 12' 

Before any cut is applied on the data the amount of expected events at the 

Tevatron. for the cases considered in the Table 14 above are still sufficiently high to 

allow further filtering to extract the signals. Before doing so let’s remind the main 

results on the detectability of Susy signals at Super pp colliders. 
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,3.2 Detectabiiit:; r)f Susy Siyais at the Super pp Coiliders 

1t.e summarize here the main conciusions obtained i>!. comparin: thr possi- 

bilities oi tile LIIC and the SSC I:-orkin borh at 151” cm -.‘; ~~’ p&ed iuminosi~y 3, 

T!le same -nniiorm approach” as the one described in Srction 2 has been adopted to 

perform 111e xork I!-ith supercolliders. Diffexn~ situations ilaw brerl srudied which 

are rrportfd in Fig ib and are a prolongation in the pian? tmd. mix <si thr cases 

considrrrd ior io~wr r.m rnerg machines. 

To extract the c‘usy signals as simulated al the SSC vr thr LliC !I!. a ~1 z 5nc 

grailwd calorimc~rr. diPerent se1 of cues have been \vorkrd ,,,,I 3. ‘Thcv ilrr difrrrPn1 

drprnding the \xluet of the srnasse5. For smasses around a fvw hundred (;c\- Jo is 

su8icient IO appi!. a simpie cut on ELI”” Of 1.20 ck\-. ~rilp ra~io s B. :h slalislicai 
- 

significance S v B of rhe siyat and the number of remaining rvents after :his cui 

are rrasonablr tc, conciude that such si~11a15 are detectat& imtl ai LHC a11d SCC 

rr.acn~ncs. Fur smasses III the range of ~00 ta ~133 Gr\ a combined C,J~ 011 SE. >:.,,,, 

and Ey ation 10 suppress sufF.ciently ~nou+ the QCD. \Y and Z” l~acii~ro~r~tis. 

For thr case around 1 Tel.. :his combined cut ~oriis ior the LIIC wirh still ttrr sarnr 

values. However it start IO br hard for this machine 10 idexiiy thesr \.rr!’ ili$i smass 

signals especially w!len going ,above 1 Te!.. At SSC it seems ~OTP easy IO scan t11~ 

region just abow the Te\. applyin, 0 the combined cuts but wen with lighter ralues. 

Even if the photino being the LSP represents only a small fraction of ttrr possible 

decay modes of the sparticks. srill it seems possible to drlec: thrm at mass?5 around 

1 Te\ irith the SSC. This is not the case for LHC. 

\\‘e have summarized in Table 15 the main resuirs of rhis znatvsis as v:elt a> 



the main conclusions. For each process. we give for each machine. the amount of total 

remaining standard background (B,,,j in mbarns. the ratio S/B and the statistical 

significance S/v% of the remaining signal and the number of events which are left 

after the filter is applied. The main features of the filtering procedures are also 

reported in this summary. 

Table 15: Detectability of Susy processes at super pp collidersmain results 

r- 

Process : E 
tot S/B 

Cm< ; m;i) (in m3) 
xl Ge” 

(210;483 I 2.5 

0.24xlC+ 
(1.5 

(0.49XlC-+~ 
(?15:2851 
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-7 
1.2 x10 

(21 

(c+28x~0-‘) 
L525:475) 2.5 
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) ( 

I ( 

( 

) (’ 
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(700:16101 Z-1 

-6 
(0.1) 

<0.3x10 

(1050; 950) (o.2Bxlo-‘~ > 1 

(0.05 

S/d3 

in x Of O'S1 

1.5x104 

3.4x103) 

B.5X103 

4.3x1031 

l.EX103 

1. x1031 

2.6X103 

7.5X102) 

175 

(20) 

225 

(40) 

Number of Applied cuts 

eft events 

6 x1.0’ I 
7.3x106) 

>140 GeV 

5 x107 

9.6X106) 

2. GO6 I 

5 X105) x, 
I >0.24 and 

x 

3. x106 
out>O.CB and 

4. x1051 

EF200 GeV) 

3. x104 
xe 

2.4~10~) x 
SO.24 and 

OU00.22 and 

3.8X104 (xOUU0.06 and 

11.3X1041 _ 
E”“>ZOO Ge” 



.-is a finai rrsuit uf This study 11-f E~OK in Figure 23 thr detectabilit>- limits on 

sparricles. that \vithin our “uniform approach”. 11-e have determined for each hadron 

hadron machine aiready functioning or scheduled. It shoxvs that both the Crrn pp 

machine as xeil as the Tevatron have started wry compi?mentary rxpioration of the 

rn\v rust- for sparticles. That a super ?!I collider option will b? a fundamental tool 

to scan the 1 Te\’ range if Susy is that high arid that in addition it jc very interesting 

to havr an up&r in luminosir~ oi rhr Tcvatron to rnsure a good overiap betw~n 

prewrtly i~nnir~g pp machines and the fu~arr super pp cioilider option. T!le upgradrd 

Tevatron will thcu be ablr 10 link the 1.)~~r masi rang? with that e+~rable by the 

SSC. 

6. Conclusions 

The s.xsitivi:y of detection limits 011 SI.SI’ signals on details of drtecror per- 

formance. and on analysis strarrgies. has Iem i!lustrated in this paper. \Ye haw 

shon-n r!;at filterins and analysis of data zrv :rrongiy rclalrd tc the proper:ies elf rhr 

deteclor which provides I hem. 

During thr eighties. after rhv Cern ~1’ collider has started running. ~hrort~ical 

\~oriis’~ have emphasized the possibility of luokjng for supersymmetr\- in hadron- 

hadron machines. 

The discovery of the “supermonojrts” jr1 i9Mz9 increased the excitation on 

the subject for a short period of time. and surnc phenomenological work II’PR carried 

on using \Ionre Carlos. Our presen, approach differs in many important v;ays from 

I hrse SI udies. 

First it Siarts nith a \lontr (‘ario wilicil no! oni! contains the hard scattering 
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process but ihe complete picture of a p p interaction. by including hadronizaion 

process and iniriai and fir.ai qluon ‘bremss~rahtung. II: the same ~a!- are gznerated 

rhe main standard sources of background. Srcondty. liles? rv~n~s aw pushed throush 

:he simutacion proyam which fully reproduces the esis~in; drirctors ~such as L.11 or 

CDFI or quite waiistically models lhe future 4 T; general purpose d?lrctors. Finally. 

the Susy data and rhr corresponding backgrounds are anatxzed in ltlr same ~:a!- as 

real dais. 

This reaiistjc approach 1,) srud! ;>t:y:ics procews .s.dch as 5~s~ <‘,.rnts. ixas 

Lwn ini1iated fur i 7c 1 firs1 IimP by the \~orkin~ group 011 “SCSI’ a, Lb? SSC” in 

Sno\~mass’84’~. ind it has been pursued with e:isrine_ dclectors such as C.41 and 

CDF3” It is mandatory to have such a compiete approach in define &want Iimits 

of delrctability c~i certain nex proceses. 

Mowover. concunirlg The unique present wurce of n-at data. our sprcific and 

detailrd study of ~hr missin s energy P\-P~,IS provided by I-.~\ I rxpe5rimrnt stioxvs trov 

Ihis dclecror and di!YeiererlI wa!s to ietwzc aud anatyze data. cilany. ~umclime5 dras- 

ticall!-. ihe pic~urr oi the coilrctrd events. Fur instanw we havr dcmons:rated iion 

and v:hy the samr proces may provide to:all! differenr je1 patIerns. \Ye also think 

that the 4~ selection follows-d by the c;\l Cullaborarion’g has a too drastic effect on 

the signal itself. 1j.r haw shown here IIOW this filter on EF’-“‘ may almost compietel~ 

miss man>- possibie Susy scenarios. 

1Ye haye therefore proposed new Kays 10 select such events. i.e. events char- 

actuizrd in a generai way b!- a certain amount of E’;“” 2nd it5 j?t pattrrn. \Ve have 

shown i~ow looser CUIS on EF5’ combined with requirements un Ihe jrt par~rrn d the 

73 



rvenr or orher xavs :c, define the \Iissing energy and 111r imbaiance in energ in the 

event isuch as the uie of t!1e mriabies SE. s,,x UT PET :. Ini?! ibe mUCh T,OF? SUCCeSSfUll 

in ox~ercoming thr backsrounds and still keepins a good ifaction of rhr sienai. 

Furthermore by extrapolating this approach to future detectors at iuturf ma- 

chines. II’R are able 10 determine the limits of detectability of these new possible 

mechanisms for each considered set-up aud a smass range going from a fin- Gel’ up 

to 1 ‘Te\. 

Finaiiy. crjntrary to rother approach. \:‘c liav~ T~ICHII IO adopr a \vril defined 

:heorrticai framen.ori;. namely the Supergravity. Howv~r jt is still suificirntl!- gen- 

eral: Cthin it KC have considered a whole set of diffe:rnt situations \*vhich may be 

quite iztererting a: in particuiar the case that we defined as ma C< m,: it ma> 

produce vrry interrs:ing and typical signatures. 

These are the main and peculiar points of our so-ralkd “uniform approach”. 

Ken- C:P end up by ~:lume:ating tl:r main results xv? obtain with it. 

Tlrr immense merit uf tile C.41 esprrjment has 10 11ai.r I>rovided fur the first 

!Irn? a -i1:amp rxvC+mental” IO dtwiop 1rchnics and Kiyzriencr to %wrch for such 

rvenr~ in the twvironmenr of p p collisions. The iimits that we have defined and are 

summarized in Fig 23 are strongly dependent of the Sus! scenario and also suffer of 

the lack of statistics. The? cover a more restricted rangr that the one larely published 

by tile L-.11 collaboration and in addition include a detailed study oi the “i~~\v smass 

\vjndo~” (i.e. from a few GUY up to 20 <&I.). \I’e think no conciusion so far can 

‘OF $ITII in this prculiar region. Sloreover if 111e 5 is not tbr LSP and so the deca! 

we haw studied instead of brirlg 1005 B.R. :s only fr\v Y.‘uur conclusion5 are not 



anymore vaiid: therefore. zo timits could be given irom the 715 nb~.’ c!a~a recorded 

so iar. with this typical signature. 

.ACOL with iew pb -I ihoutd hr able ICI esptor~ tip mi\- ran<? 10 atmost 100 

Gel.. and the Trvarron with about I pb-’ shouid be able to reach 1X- 170 Ce\.. .Uso 

rhe two detectors I CDF and new I-;\‘si with their fine grained calorimetr!.. oiler rasier 

ways tcl ingger ‘. <,I, the expwed “rxw~t pattern” than I-.11. Crrtainly thr Tevatron 

with a sigtificanr upsradr in iuminosit>- may br a vrry important tool to owrlap with 

I!IV r&on in ~masz ~~~hich may be ultimately- rtirer by super pp ctrllidcrs such a5 the 

LHC or the SC. But this impties :hat a substantial upsrad? in iuminosity xvii1 bc 

made. othervise an intermediate step such as a 10 Tel- machine would be required 

to explore the mass range brtwern the \I’ mass and t1i.e I TV\’ range. III thr case 

that the Tevatron receives a sood upgrade in luminosity. the upgraded Te~atron will 

be ablr to link the lowr mass ranee with that rsptorable hy the SSC. On the orher 

hand. .ACOL is certainiy a unique tool to xarch ior very tight gluinos i.e. m, of the 

,,rder of frx (;c\. up to abour I(~-‘20 Gt.1. which has not yet bren civarly x,/rcted by 

f he presenr Le.-\1 data. This region is much harder to inwstiga:? at the Tcvatron than 

it xvouid be at ACOL. The theoreticat importance at’ this case is such that detection 

of IOK mass gluinos would be a fundamental discovery. 

E. Eichten has providrd useful1 comments and cri~ics.\I’z have benriir of Au- 

able discussions with C..4. Savoy who has pojntrd out to us the interest of studying 



the case oi a \‘RT! li$ll ,$uino. J. Ellis has rncoura:ed the work that t\vo oi us 

(;\SS and SZ’i haw performeo on super pp coiiiders at the La Tt?uik meeling. \Y? 

\~ould like :i> !ilanh ail thrw Finali,v IKE oi us i.JF anti ASS) would like 10 thank 

rrspec~jv~=y Saclay and Fnal Lahora~orier f3r their kind i:ospitality. 
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Figure Caption 

1. Set of the di:erent scenarios defined ir> the scatter plor of ( mi : m, j and used 

in our study: a, .At lo\r c.m. euer+s iCERS. FS.IL pp (‘ol!idersr. bi .At high 

c.m. rnergiez i LHC. SSC pp Colliders 1. 

? Csimparis,>n i~et\wen the estimate 85 done by Isa,iet and EHLQ Ii of the dis- 

:ribulic>,rl dc c;m,( pp - ,-q - S 1 jin nhr. ill iu11cri011 ui m, and fur diKrrfn1 

AU=S of tile c.m. energy (tj.63. 2. lo a11d 40 Tr\.i.‘Tl~? ~~~Iw~ +W:I I+. Isaj~ 

are Ihe black poinrs. the ones given by- EHLQ aw tht. \vhite points. 

3. Expected cross-sections. assuming mi <.~~ m,. as a function of me for tll? SSC. 

LHC and FT.AL Tevatron for :a) Each oC thr &x~~v~~ary procersrs: pp - Qg. 

gg or qfi: b; rhe resultjug full producrion of glui~~os and squarks including also 

the CERS pp Collider. Thr quoled rn, rviers in far! IO tile 5~1 rgf \.alues I: me : 

mh j d&n& in this work for the case m, <~ III+. i!uot?ti cross-wr~ians includr 

a P’;“” C”t as drscribed in Section 2. 

4. Expected cross-sections. assuming mi: 2 m,. as a function of rhr srnass t’ur 

the SSC. LHC and FS..IL Tevatron Collider for: aj Each of lhe ritmentar~ 

processes: pp - pg, ~~ or 44; b) The resulting Ml producrion of giuinos and 

squarks. including also there the cake of the CER.S pp Collider. The quoted 

amasses refer to the set of vaiues j me ; rn~ j consi&ted in this work. Q.uoted 

cross-sections include a cut on Py’” as deiined ix S~tinn 2. 

5. Total expected rates per year. per Susy scenario and ior various pp Colliders: 



aiT11e CERS pp CcJiiider anti a tolal ir;~rs:a~rd luminosity oi 7’13 nb~’ 

h)The 4 pp Colliders considered in this slud!. as a iuncrion oi smass for the 

scenario :vhere m- : g - w$. 

c)The 4 pp Colliders and as a iuncrion oi rhr giuinc mass for the scenario where 

mg c: mq. 

d)The Trvarron. the LHC and SSC machine as a fu~~ction oi 111~ giuino mass 

in thr cas? oi a very light siuino compared IO a rria~ivrly heavy cquark. 

ii. Ey distributiorls a, .ACOL a5 ~iWI1 I,!. 1.ario115 ,,rr,cPsses: 

a, For the decay of the \I‘ inlo :L’- arid :~v(I ciiffcvnr ~iilues of the I’?“” ~!::rshold 

applied 

b) For Ihe QCD process and I\YO differrn~ values of III? P;-‘” tllreshold applied 

ciFor ,x,-o Susy zignals. Our wrrespw~ds IO thy case \vherr m, = 35 Ge\’ and 

mi, = SO Gel.. The other one corresponds tc, 111e tasr whtzrr m, 2 ?4 Gr\- and 

q= ;o Gel’. 

‘. Reseiurion on ttl? comp~nenrs cpi the I~~I~I rurrry ii1 L.11 ior minimum hia 

Clara 

a i \.rctor sum of the S-component of the rnrrg!- I.CCIOT r. r,,-; versus E;“’ and 

l’ector sum oi the Y-component of the rnrrg~ \rctor r; E,.; versus E;“’ 

b)Resoiurion on Ey’ III the U;\l experiment for minimum bias and jet triggered 

?\‘CZ”ts. 

S. Flov diagram of the data seiection for missing euer~y events in the r-11 rsper- 

iment 

9. Efficiency of the filter “4r” ( defin?d by Cy”= -. 40) in the V-41 detector. in 



fancrion oi I\;P giuino mass: al for the case \l:hrrr me I; rnq and b’! for the case 

\rhere m, 2 m6. 

!U. Different \-icv;s cjvm b! ;he interactiv? diSDia\- facility in c.41 of an event 

generated b\. thr procrss pp - &j \rii11 mp = 21 Gr\- and rnG = 19 Ge\- 

and ~5th 111~ giuino drca,ving iuto 44 and thy sqnark into q+. II is then full> 

simulated in lhr I’.41 detector. It sho\r~ a cicar mori,j<v structure. 

11. DiKrrext \.irws fi\-en by the jnterartiw dispia!- faciiity in r.41 of an rwnt 

venerated h!- II!C procrss pp - BEI with mr =: 63 <it.\. and me= ,‘,7 Gc\.. The 

$!uiuo drcays into qy and the squark inio qq.Thir cv~nt fully ijmulated in thr 

I..-\1 detector sho\vs a typical monojet SITUC~UP. 

12. Event yneratrd according to the same conditions than ill Figure I! but no\<- it 

shows a clear bijet no b b s~rxcturr. 

13. Eb.en: ynerated according :I~, the same conditj,n, as in Fi;ure II but showing 

now a clear ::iit3 ~truc~u~r. 

14. Diferetlr I.iews a: si\.rn 11) :iir interacti~c display raciiity in L-.41. pi an rvent 

generated accordin: TV thr ;,:ocess pp - g;I \rilh m, = 10 Ge\. and m, = 

100 Gr\‘. Thr giuino deca,vs into qq; and thy squark decays inlo q; .It is fully 

Gmulated in th? I’.41 detector and shou a typical monojet structure. 

15. Distribution of the ayerage values of the ai ET of the trigger jet and bj E’f”” 

for all the different Cusy scenarios considerrd in this study for thy case of the 

CERS pp Collide:. 

16. E.;oiu:ion of the distributio~~s of the malts characteristics of Sus!. VW~IS in the 



case v.here mi:g~~,rn,. u:~.~II rhe smass va:ies irr,m 20 IO SO GY\- at 630 c;c\. 

c.m. energy: 

il, E;.oiu!ion of the ET ~prctrum of the :rizger ,jvt 

b! E~olurion oi the Eyss :pectrum for 1 hese eYents 

IT. E~oiution c~i the distributions of lhr maiu characterisr~cs oi Susy rvrnts in the 

case \vhrw m, c: q. \~,vhen the smasi ~3ri.z from Xl to 80 Ge\’ ar 630 C;e\. 

c.m. rnergy: 

a~ Evolution ui the ET :,wrrrum <ii [tic trigger jr1 

btEw1111ion of :he Ey’ ;pec~rum f<~r tiles~ events 

13. Ilain characrvristics oi the ev~=n~s prodrlcrd at 630 Ge\’ c.m. rrlergy. by It,? 

process pp - 94 with ma = IO Gt.1. alid me z IOU Gr\.. T!le giuiw d~ca!-s 

into qq’ and for the squark the t\:‘o possibtr decay modes arr considrr~d. namei! 

q? (dashed tine) and qg (full linrj: 

a) E’rd distribulions ~ivrn by !t><w r\‘,‘,,~s For the ,KO c~~~sidewd drca!, modrs 

of the squark. 

b iE;-“’ dislriburions $wn by rhrse CV~IIIS for the IIVO considrred decay nodes 

of the squarti. 

19. Study of the difference in 0 and o. berwwn Ihe txr-o gtuons issued from hard 

scattering q.g - g&: after the cascadr shon-er process igluon brems~rrahlun~): 

a)W(,,~ ,&) distribution 

b)605’(~,1 &) distribution 

20. Diflerrncr in 0 and o betwen thr gluiuo and the squark decay product of the 

gluino: 



a, 10 (g. 4 disrribulion 

b‘l loci. 6, dislriburion 

2:. PT.disrribulion oi rach quark deca!- product of the :iuino 

22. iR fq. q! disrribution betrreen the 1,r-o quarks which are the final drcay products 

of the $U~I)O &cay 

23. \-arious Ey= distributions as giwn by QCD for diffrrent vatues of the Py” 

ihreshotd i~ar~?ng from 20 10 50 Gc\’ c apptird ori thr PT <If the primar! 

parlons at , : = ii30 Gel-. 

“4. Somr \.ir\.:s as giwn by the display facili:~ of thr (‘DF rsperimen~. vi an event 

senwated according to the prncess pp - gq with m, = 100 Gel’ and III,+ = 

200 (it\.. T!lr gluiuo drcays into qy< and Ihr sq~~ark dracys into (l$.The event 

is full!- simulated in CDF detector 

arSho\rs lhe Lrso plot view of the event as $\-rrl by the CDF caiorimetr~. 

t, #Shows a ,raniverw vie\v of the BY~~I as swn t,! ihc (‘cntrat Tiackin; iCTC 

chamtxrs, 

25. \-arious vi?\:-s as given by the display facility of the CDF experiment of an event 

generated according to the process pp - g;l with m, = 105 Ge\’ and mi, = 

100 Gel’. The giuino decays into @j and the squark drays into 45. The ewnt 

is fully simuialed in the CDF detector. 

a) Sho\vs rhc= Lrgo plot view of the e~rnr as given II!- CDF calorimrtr> 

bi Shows a ~rareversc vie\r of the r~ent as swn by thr cew~rat tracking (CTC 

chambers ,. 



16. Cvmparison of some of lhr main characteristics c:,i the Slandard Cackground 

and Susy signals ~II ttrv CDF derector. The standard hackyound inciudes QCD 

~RXCS a~ 1~41 as I~IC- dcc;ly oi :ile \\. inlo :LJ- and pi the Z’, into vr,.Thr Susb 

signals correspond IO rile process pp - 94 with me = i0 Ge\’ and mg = 100 

Ge\.. 

ai E;“” disrrihurioll for these procesws 

hi \lono;rr Er distrihutinn for these processes. 

2;. I’ET d~sIril~l~li.ll5 fur \ariouc ilandard i,ilchzroutld5 31ld S:I~\- 5iyair ~JI lilv 

CDF de~ecror. 

23. Limits of d~~ectat~iti~y drriwd for thy CERS p’p C<,llidrr. 111c FS.AL Teva:ron 

and the I.HC and rhe SSC as a fcncliorr oirhr masse of I!I~J ~luk arid quark. 

\vithin the framrxork oi rhr “uniiorm approach” xsed i~pre. 
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